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 The downstream purification process (DSP) remains a significant bottleneck when 
using biological expression hosts for the production of recombinant biologics. This issue 
persists in part because of a lack of knowledge of the separation behavior of the host cell 
proteins (HCP), which are the most problematic class of impurity to remove due to 
similarities in separation behavior with the target. The process of selecting the DSP 
method(s) as well as the host cell can benefit from an accurate prediction of the HCP 
separation behavior. Therefore, to reduce the effort required for DSP development, this 
work was aimed at characterizing the separation behavior of a complex mixture of 
proteins during four commonly used chromatographic and non-chromatographic 
methods: cation-exchange chromatography (CEX), anion-exchange chromatography 
(AEX), hydrophobic interaction chromatography (HIC) and ammonium sulfate 
precipitation (ASP). An additional goal was to evaluate the performance of a statistical 
methodology as a tool for predicting the separation behavior after being applied to the 
characterization data. Aqueous two-phase partitioning (ATPS) followed by two-
dimensional electrophoresis (2DE) provided data on the three physicochemical 
properties most commonly exploited during DSP for each HCP; pI (isoelectric point), 
molecular weight and surface hydrophobicity. The separation behaviors of two separate 
biological expression host extracts (corn germ and E. coli) were characterized for 
multiple purification methods creating a database of characterized HCP for each 
purification method-expression host combination (e.g. CEX-corn germ; AEX-E. coli, 
AEX-corn germ, ASP-E. coli, etc.). A multivariate random forest (MVRF) statistical 
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methodology was then applied to the chromatography-based purification method 
databases of characterized proteins creating an accurate tool for predicting the separation 
behavior of a mixture of proteins. The accuracy of the MVRF method was determined 
by calculating a root mean squared error (RMSE) value for each database. This measure 
never exceeded a value of 0.045 (fraction of protein populating each of the multiple 
separation fractions for a given mode of chromatography). In addition, simultaneous 
analysis of the empirical results from AEX (i.e. chromatograms) for both expression 
hosts together with the predicted elution profiles of a set of model proteins using the 
MVRF methodology will allow for an upstream decision to be made regarding which of 
the two expression hosts would result in a simpler downstream purification process by 
using product purity and yield as a guide. Overall, the current study was aimed at 
establishing the framework for designing a successful downstream process with minimal 









CHAPTER I: GENERAL INTRODUCTION 
1.1 Organization 
 The thesis is divided up into five chapters. The first chapter provides a general 
overview of the research project including an introduction as well as project objectives. 
Chapter II is a paper published in the Journal of Chromatography A and presents the 
results from characterizing the separation behavior of a corn germ extract during 
cation-exchange chromatography (CEX) and evaluating the prediction performance of a 
multivariate random forest method (MVRF) that was applied to the characterization 
database. Chapter III is a manuscript to be submitted at a later date also to the Journal 
of Chromatography A and evaluates the same characterization technique and MVRF 
method this time for a different mode of chromatography, hydrophobic interaction 
chromatography (HIC). Chapter IV is a manuscript to be submitted at a later date to the 
Journal of Biotechnology and Bioengineering and focuses on characterizing the 
separation behavior of two HCP mixtures (corn germ & E. coli extracts) during anion-
exchange chromatography (AEX) and ammonium sulfate precipitation (ASP). The MVRF 
statistical method is also applied and evaluated as a predictive tool in the same manner 
as in chapter II and III to the AEX data presented in chapter IV. All of the wet-lab 
experiments for this project were conducted at Iowa State University (ISU) and the 
MVRF portion of the statistical analysis was performed by the collaborators from the 
ISU Statistics Department. Finally, chapter V summarizes the major conclusions from 
2 
 
this project and includes discussion on future work considerations. The literature 
review portion of this thesis has been divided amongst the introductory sections of 
chapters II, III and IV where the necessary topics covered in each provide sufficient 
background for the work to be presented. 
1.2 General introduction 
Recombinant protein (r-protein) production has increased in recent years with 
applications in a wide variety of scientific fields. One specific application is for the 
production of biologics, or r-proteins used for pharmaceutical purposes also known as 
biopharmaceuticals. The biopharmaceutical market is one of the fastest growing 
markets in the global economy and is expected to reach 167 billion US dollars in sales 
per year by 2015 [1] with 18 new biopharmaceutical product approvals granted in 2012 
alone by the US Food and Drug Administration (FDA) [2-3]. There are an estimated 907 
biologics being further developed by American biopharmaceutical companies and over 
the past decade, 1 in 3 new medicinal approvals were produced by living organisms [4].   
The most costly aspect of the entire production process deals with the 
purification or downstream processing (DSP) of the target biologic from the 
contaminants some of which include DNA, endotoxins and host cell proteins, fragments 
and organelles. Host cell proteins (HCP) are the most problematic impurity to purify out 
due to similar separation behavior with the target biologic. As a result, one way to 
decrease the heavy cost of DSP is by understanding the separation behavior of the HCP 
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thereby allowing for a more guided selection of not only the purification method but 
also the host cell organism.  
The protein properties most commonly used to separate proteins during 
downstream purification are molecular weight (MW), charge, and surface 
hydrophobicity (SH). Therefore, these properties would intuitively need to be present 
in any statistical method aimed at accurately predicting the separation behavior of HCP. 
A previously established three-dimensional (3D) characterization method [5] was 
selected to characterize the three properties for each protein. Two-dimensional 
electrophoresis (2DE) was used to quantify charge (represented as isoelectric point or 
pI) and MW. Lastly, SH which was determined based on the partitioning behavior of a 
protein during aqueous two-phase separation (ATPS). This project will establish a 
statistical method that can predict the separation behavior of a complex mixture of 
proteins (e.g. host cell protein extract) using data collected from the 3D 
characterization technique. 
1.3 Objectives 
One of the first objectives of the project was to characterize the separation 
behavior of a HCP extract during a commonly used purification method by applying the 
3D characterization method developed by Gu and Glatz [5]. The host organism selected 
was corn and the purification method chosen was CEX. Due to the growing interest and 
advantages in using corn as an r-protein expression host, the mixture of proteins 
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selected to be characterized are the native corn proteins extracted from the germ-rich 
fraction (using dry-milling to fractionate the kernel). The purification method CEX was 
selected as a result of a study that was done using a set of model proteins that proved 
when using only the three properties (pI, MW, SH) an accurate model that predicts 
separation behavior can be developed [6]. 
The next objective was to evaluate an appropriate statistical methodology on 
prediction performance after being applied to the database generated from the 
previous objective. This database consists of values for both the empirical separation 
behavior of each corn germ HCP during CEX as well as the three characterization 
properties. The goal is to enable an accurate prediction of the separation behavior 
during CEX of a target protein (i.e. biologic or r-protein) that has been expressed in the 
germ fraction of corn. The chosen statistical method that meets the above criteria is 
MVRF due to its ability to model multiple predictor variables (three characterization 
properties) and multivariate response variables (CEX elution results) [7]. The accuracy 
of the method had to be verified by analyzing the error between the empirical results 
and the MVRF predicted elution data for all characterized HCP. Chromatography itself is 
an expensive as well as time and reagent consuming process; therefore, a statistical 
methodology that accurately predicts separation behavior of individual proteins 
present in complex mixtures (HCP extract) would accelerate selection of purification 
steps for recovery of the r-protein of interest from the HCP contaminants. 
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After establishing both the feasibility of applying the 3D characterization 
method to a mixture of HCP separated during a downstream purification method as 
well as the prediction performance of the MVRF method, the next objective involved 
expanding the database of separation methods. This task was accomplished by 
characterizing and then predicting the separation behavior as before for the corn germ 
HCP mixture during two alternative yet still commonly selected modes of 
chromatography; HIC and AEX. Again the MVRF methodology was applied this time 
separately to the characterization databases that are independently generated for both 
HIC and AEX. The performance of the MVRF method was evaluated as before by 
comparing the difference between empirical data and prediction results. HIC was 
chosen as one of the next separation methods to investigate for the same reason CEX 
was; a study using a set of model proteins proved that when using only the three 
characterization properties an accurate model that predicts separation behavior can be 
developed [8]. 
Finally, the focus turned to expanding the database by characterizing the 
separation behavior of an alternative expression host extract or HCP mixture. The new 
HCP mixture will be an extract taken from Escherichia coli (E. coli), selected due to its 
common usage as an r-protein production host. This objective really has two useful 
outcomes; 1) the creation of a database with the alternative hosts’ separation data, 
expanding the application of the MVRF methodology 2) a comparison between corn 
(germ fraction) and E. coli regarding under what circumstances (downstream method, 
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r-protein to be purified, etc.) each will be the most suited host based on downstream 
purification considerations. For instance, by comparing the MVRF method predictions 
of the r-protein to the empirical separation data of either HCP mixture (corn germ & E. 
coli), one would be able to calculate preliminary yield as well as purity values. This 
information would allow for a guided upstream process design by selecting the 
expression host that would result in the most easily accomplished DSP for the 
production of a particular r-protein or biologic. 
Recently, there has been an increased interest in utilizing alternative separation 
methods besides chromatography during downstream purification. As a result, the final 
objective of this project focused on characterizing the separation behavior of HCP 
during non-chromatographic downstream methods such as ASP. The separation 
behavior of both HCP mixtures during ASP was characterized resulting in two additional 
databases. This allowed for a direct comparison between expression hosts based on 
suitability for production of a particular r-protein as discussed for the previous 
objective. Valuable insight was gained into the solubility behavior of HCP if 
characterized as before since precipitation (especially using ammonium sulfate) is a 
very commonly used technique in industry due to its low cost, ease of scale-up and 
ability to handle large titers. 
Determining the purification process which requires minimal resources and time 
is the biggest challenge facing downstream process engineers and as a result, is the 
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limiting step not only during the downstream processing stage but of the entire r-
protein production process [9-10]. Therefore, the development of accurate statistical 
methods for the purpose of optimizing the separations sequence can provide many 
advantages [11]. The challenge remains to not only develop such methods but extend 
their application to a large number of proteins, procedures and experimental 
conditions in an effort to realistically mimic the behavior during bioseparations [11]. 
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CHAPTER II. PROTEOMICS-BASED, MULTIVARIATE RANDOM FOREST METHOD FOR 
PREDICTION OF PROTEIN SEPARATION BEHAVIOR DURING CATION-EXCHANGE 
CHROMATOGRAPHY  
A manuscript published in the Journal of Chromatography A, 1249 (2012) 103-114. 
Ryan K. Swansona, Ruo Xub, Dan Nettletonb, Charles E. Glatza* 
a Department of Chemical and Biological Engineering 
 b Department of Statistics 
 Iowa State University, Ames, IA 50011 
Abstract 
 The most significant cost of recombinant protein production lies in the 
optimization of the downstream purification methods, mainly due to a lack of 
knowledge of the separation behavior of the host cell proteins (HCP). To reduce the 
effort required for purification process development, this work was aimed at modeling 
the separation behavior of a complex mixture of proteins in cation-exchange 
chromatography (CEX).  With the emergence of molecular pharming as a viable option 
for the production of recombinant pharmaceutical proteins, the HCP mixture chosen 
was an extract of corn germ.   Aqueous two phase system (ATPS) partitioning followed 
by two-dimensional electrophoresis (2DE) provided data on isoelectric point, molecular 
weight and surface hydrophobicity of the extract and step-elution fractions.  A 
multivariate random forest (MVRF) method was then developed using the three 
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characterization variables to predict the elution pattern of individual corn HCP. The 
MVRF method achieved an average root mean squared error (RMSE) value of 0.0406 
(fraction of protein eluted in each CEX elution step) for all the proteins that were 
characterized, providing evidence for the effectiveness of both the characterization 
method and the analysis approach for protein purification applications.  
Keywords: Two-Dimensional Electrophoresis (2DE), Aqueous Two Phase System (ATPS), 
Multivariate Random Forest (MVRF), Cation-Exchange Chromatography (CEX) 
2.1. Introduction 
There has been a remarkable increase over the last few years in value of the 
products of biotechnology, including the emergence of molecular pharming [1] to 
produce pharmaceutical proteins in plants. Biopharmaceuticals is the fastest growing 
segment of the pharmaceutical industry providing a sizeable potential market for any 
effective expression host system, including plants [2,3]. The use of recombinant 
proteins (r-proteins) spans more than just the biopharmaceutical industry with 
applications throughout the biological and biomedical sciences [4]. Regardless of the 
final application, the most costly aspect of r-protein production is the downstream 
purification of the target protein from the host cell protein (HCP) contaminants. One 
way to decrease this cost is by understanding the separation behavior of the HCP, 
thereby allowing for a more efficient selection of not only the downstream purification 
method but also the host cell. A method that accurately predicts the separation 
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behavior of the individual proteins present in complex mixtures such as HCP would 
provide this benefit. There have been numerous studies investigating HCP separation 
behavior during downstream processing [5-9] with some aimed at improving 
purification efficiency for a particular method or host system [10-14] while others 
addressed how upstream operating conditions effect HCP profiles [15,16]. The work 
presented here investigates an alternative method to profile HCP separation behavior 
with a focus on developing an a priori prediction method for use in designing the 
optimal downstream purification process without requiring costly analytical equipment.  
Many different downstream purification methods exist for the separation of the 
targeted r-protein from HCP contaminants. For this work, the separation behavior of 
host proteins during cation-exchange chromatography (CEX) was investigated because 
CEX is a very common purification technique, has very mild running conditions, and 
provides a high degree of resolution [17]. Protein retention time during CEX is in large 
part based on the electrostatic interaction of proteins with charged functional groups 
that are immobilized on the column. However, studies have shown that there are a 
wide range of other variables that contribute to protein retention time including charge 
asymmetry [18], surface charge [19] and molecular shape [20]. Developing a model 
using all of these variables as descriptors would require a known 3D crystal structure, 
which is not practical for large sets of host proteins. Therefore, a set of properties that 
can be more easily determined for mixtures of unknown proteins has been used here. 
Additional variables are introduced by column choices including resin, sample load [21],  
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and displacing salt composition or concentration [22]. There is no shortage of 
publications that examine the retention behavior of model proteins during ion-
exchange chromatography for the purposes of: developing a model and evaluating its 
performance [17,19,22-36], aiding in the optimization or validation of the downstream 
purification process [37-41], and screening various resins and characterizing protein-
stationary phase interaction parameters [42,43] among other motivations [44-47].   
Three protein properties influencing many downstream purification methods 
are molecular weight (MW), charge, and surface hydrophobicity (SH). Therefore, these 
properties would intuitively need to be considered by any method aimed at accurately 
predicting separation behavior. The next step would be to select simple and relatively 
inexpensive experimental methods that allow for the determination of these three 
properties for individual proteins present in a complex mixture, which has been done 
before by Gu and Glatz [48].  
Protein SH is characterized by partitioning in an aqueous two phase system 
(ATPS), consisting of water, polyethylene glycol, and sodium sulfate with addition of 
sodium chloride to establish conditions such that SH dominates partitioning [49]. After 
phase separation, the polymer is concentrated in the top phase along with the more 
hydrophobic proteins and the salt is concentrated in the bottom phase along with the 
more hydrophilic proteins. Two advantages of selecting this method are that it is done 
under non-denaturing conditions and that only two fractions needing isoelectric point 
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(pI) and MW analysis result. The partition coefficient (K), the ratio of the protein 
concentrations in the two phases, is used to quantify the protein’s SH. As shown in 
Equation 1 below, a negative Log K represents a higher concentration in the bottom or 
salt-rich phase and vice versa if the Log K value is positive. 
 =             
     Equation 1 
The remaining two properties (MW and charge) are determined using two-
dimensional electrophoresis (2DE) which is a two stage separation where the first is 
based on the proteins pI and the second on MW allowing for the separation of a 
complex mixture of proteins [50]. The isoelectric point of a protein is the pH at which 
the protein has no net charge and will be the property used to characterize charge in 
the method. At this point after coupling the two characterization techniques of ATPS & 
2DE in series, each individual protein originally present in a complex mixture (corn HCP) 
will now have all three properties characterized (SH, pI, MW). 
This 3D characterization has previously been performed on soybean, alfalfa and 
corn HCP [48,51,52]. However, the data has never been used for predicting separation 
behavior during a downstream purification process. There have been studies focused 
on modeling retention behavior that use a larger number of properties to characterize 
the proteins [19,53]; the disadvantage of this approach has already been discussed. 
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However, a linear multivariate model based on these three properties predicted CEX 
retention times of a set of model proteins with accuracy comparable to that from a 
model that used the larger number of properties derived from the crystallization data 
base [17].  
 The step after characterization of properties and separation behavior is to 
develop a statistical method that can use three continuous predictor variables (pI, MW, 
Log K) to accurately predict a set of response variables (i.e. fraction eluted in each CEX 
elution step). The method selected here is multivariate random forest (MVRF) which is 
an expansion of the univariate classification and regression tree (CART) methodology 
[54]. When using CART, the data are divided into subsets, or nodes, using a series of 
binary (yes or no) questions that are expressed in terms of a predictor variable (e.g. Is 
x3<15?). Each question, or split, is phrased to divide the training data in a given node 
into subnodes that are as homogenous as possible with respect to response variable 
values by optimizing for this purpose out of all possible splits. Each node is continuously 
split until a single data point remains, i.e. when a node has no descendants, termed the 
terminal node, or leaf [55-59].  A prediction for a new case is then obtained by routing 
the new case through the tree based on the values of its predictor variables until it 
reaches a terminal node.  The prediction is then simply the training data response in 
that terminal node. 
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  In order to correct some of the shortcomings associated with only using a single 
univariate response tree for classification (e.g. potential data over-fitting and modest 
prediction performance [56,60-62]), Breiman [55] introduced the use of multiple 
independently and randomly grown regression trees, forming a random forest (RF). The 
RF is based on CART where each tree is grown using a different sampling set of data, 
referred to as the “in bag” (ib) data set, chosen at random with replacement (also 
known as Bootstrap resampling). The “out of bag” (oob) dataset contains those values 
that are not used to grow the trees but instead used to test the forests’ prediction 
accuracy [56,63]. The predictor variable to be used at each split (i.e. the 
characterization variable used to form the binary question) is also selected at random, 
and its splitting value is chosen to again maximize homogeneity in the resulting 
subnodes. Once a large number of trees have been grown, a prediction for a new case 
is obtained by averaging the predictions made for that case by each tree in the forest.   
 Expanding on the regression tree idea, Glenn De’ath [58] generalized the 
univariate CART methodology and developed the idea of a multivariate response tree 
with the only major adjustment being a modified split function [56,59,64]. Finally, Mark 
Segal [56] proposed the idea of a MVRF, which can be considered a generalization of 
the univariate-RF or multivariate response tree (CART). MVRF is a good prediction tool 
and performs well when dealing with multiple predictor and response variables [65]. 
Although one notable disadvantage  of the methodology is that no explicit prediction 
equation is produced, it is straightforward to compute predictions quickly once a forest 
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has been constructed. When compared to other commonly used chemometric methods 
such as partial least squares (PLS) and principle component analysis (PCA), MVRF has 
the benefit of being able to easily handle data non-linearities and a complex response 
vector of proportions that sum to one (e.g. step elution fractions). There is an extensive 
list of publications in the literature that have applied CART, RF or MVRF methodologies 
[59,62,66]. The calculations of the algorithms involved in MVRF analysis were done in 
the R programming environment by modifying a source code package written for 
multivariate CART analysis. R is a programming language derived from the S language 
that was created by Ross Ihaka and Robert Gentleman [67]. 
 The process of selecting the optimal host expression system for production of 
an r-protein should be evaluated on a case by case basis due to the wide range of 
potential hosts. The use of plants has many advantages over other production systems 
including an easy scale-up process (planting more acres to grow), targeted expression 
e.g. to stable storage organs such as seeds, lower overall production costs, ability to 
perform post-translational modifications and the fact plants lack human pathogens and 
endotoxins [2,3,68-71]. Corn is one of the more attractive plant options and has been 
extensively studied as a result. Some of the additional benefits to those already 
mentioned for plants include the high level of protein produced per planted acre of 
corn compared to most other plant hosts and established fractionation methods that 
can separate the kernel (e.g. into germ and endosperm fractions) thereby reducing the 
amount of HCP that remain to be purified. A few of the disadvantages with using corn 
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to produce r-proteins include low and inconsistent expression levels, long production 
cycles, post-translational modification variations and cross-contamination risks 
[3,69,72].  
Success in the specific aim of obtaining an inexpensive and physically 
interpretable predictive model for CEX separation of corn HCP sets the stage for 
extension to other separation methods and transgenic hosts.  This would enable a 
rationale selection of host and tentative separation sequence for specific r-proteins 
that integrates the cost of recovery into that upstream choice, an area which has 
received a lot of attention over the past few years [73-88].  
2.2. Materials & Methods 
 All chemicals used were from Fischer Scientific (Pittsburgh, PA) unless otherwise 
noted. Total protein assays followed the Pierce BCA Protein Assay micro plate 
procedure (Thermo Scientific, Rockford, IL) and were performed in triplicate. Bovine 
serum albumin (BSA), dissolved in solutions matched to the samples where such 
backgrounds affected the assay, was used as the standard. 
2.2.1 Seed Variety, Fractionation & Extraction 
 The corn used was a transgenic B73 variety with targeted germ expression of 
Green Fluorescent Protein (GFP) provided by M. Paul Scott (USDA-ARS Iowa State 
University) [89], from which a germ rich fraction was obtained by dry-milling at the ISU 
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Center for Crop Utilization Research [90]. The germ-rich fraction was ground into fine 
flour for one min using a household coffee grinder (General Electric, Fairfield, CT). Pure 
hexane was then mixed with the flour at a ratio of 1:5 (w/v) for one hour on ice to 
extract the oil. After centrifugation at 3,000 x g and 4°C for 20 minutes, the supernatant 
was discarded and the oil extraction was repeated a second time. The resulting cake 
was dried overnight in a fume hood to remove residual hexane. The protein extraction 
buffer was 50 mM sodium phosphate at pH 7.0 that was mixed with the de-oiled corn 
at a ratio of 1:5 (w/v) on ice for one hour then centrifuged at 12,000 x g and 4°C for 15 
minutes. The supernatant was filtered using 0.45 μm cellulose acetate syringe tip filters 
(Corning Incorporated, Corning, NY), assayed for total protein content (found to be 
8.706 mg/mL or 43 mg protein extracted/g corn), aliquoted and frozen at -80°C until 
use. 
2.2.2 Downstream Purification: Cation-Exchange Chromatography (CEX) 
 The cation-exchange resin was SP Sepahrose Fast Flow (Sigma-Aldrich, St. Louis, 
MO) which was stored in 0.2 M sodium acetate, 20% (v/v) ethanol (storage solution) 
and kept at 4°C when not in use. The column was an 8 mL fixed-volume column 
(Amersham Biosciences, Piscataway, NJ). The ÄKTA Explorer chromatography system 
(Amersham Biosciences, Piscataway, NJ) was used to perform the separation using the 
following buffers: equilibration buffer (A) composed of 50 mM sodium phosphate at pH 
7.0 (same as extraction buffer), elution buffer (B) composed of buffer A with 1 M 
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sodium chloride added at pH 7.0, clean-in-place (CIP) buffer composed of 1 M sodium 
chloride with 0.1 M sodium hydroxide at pH 12.65. The column was equilibrated to 
baseline with buffer A before injecting 40 mL (348 mg protein) of corn germ extract to 
the column, a loading which was well below the nominal static binding capacity of the 
resin (960 mg BSA). Nonetheless, many proteins appeared in both the wash and one or 
multiple elution fraction gels. For this reason, the CEX Fraction data was reported as % 
of bound protein eluted instead of % of loaded protein eluted. This overloading 
ensured that each elution fraction was populated with enough proteins to characterize. 
After loading, the column was washed with buffer A for four column volumes (CV) 
before beginning the step elution protocol with buffer B: 10% B, 20% B, 40% B, 60% B 
and 100% B with each step run for five CV. The flow rate and fraction size were kept 
constant throughout the separation at 1 mL/min and 5 mL respectively. Cleaning with 
four CV of CIP through the column and flushing with storage solution preceded column 
storage. Using the resulting chromatogram as a guide, the fractions containing each 
elution step peak were pooled and freeze dried (Labconco, Kansas City, MO) then 
reconstituted in order to increase the protein concentration before proceeding to 2DE. 
Elution fractions were assayed before and after freeze drying for total protein content. 
2.2.3 Aqueous Two Phase System (ATPS)  
 The ATPS composition was 15.7% (w/w) polyethylene glycol (PEG) MW=3350 
(Sigma-Aldrich, St. Louis, MO), 8.9% (w/w) sodium sulfate and 3.0% (w/w) sodium 
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chloride with 20 mM sodium phosphate at pH 7.0 in a final system mass of 12.0 grams 
in a 15 mL centrifuge tube (Corning Incorporated) as in Gu and Glatz [48] with stock 
solutions adjusted to pH 7.0 before combining. The phase ratio (volume of top 
phase/volume of bottom phase) remained relatively constant at 1.0. The phase 
solutions were assayed for total protein content, from which overall Log K values were 
calculated, and frozen at -20°C until beginning 2DE. The Log K values for the individual 
model proteins were obtained following the ATPS procedure detailed in Xu and Glatz 
[17].  
2.2.4 Two-Dimensional Electrophoresis (2DE) 
 The procedure for 2DE analysis followed very closely that of Gu and Glatz [48] 
with only minor exceptions that are noted below. 
  2.2.4.1 Sample Preparation 
 Sample aliquots of 0.75 mL (six CEX elution fractions, two ATPS phases and corn 
germ extract) were centrifuged at 13,000 x g for 5.5 min at 4°C (Eppendorf Centrifuge 
5424; Eppendorf International, Hamburg, Germany). The final pellets of all fractions 
were air dried for one hour in a fume hood to remove residual acetone then re-
dissolved in 0.12 mL of 8 M urea at which point like samples (aliquots) were pooled and 
stored at 4°C until the next step in the 2DE procedure. The corn germ extract sample 
pellets were large enough that they required 0.75 mL of 8 M urea to re-dissolve instead 
of 0.12 mL. All 8 M urea-protein solutions were assayed for total protein content. 
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  2.2.4.2 Isoelectric Focusing (IEF) (1
st
 Dimension Separation) 
 The re-dissolved 8 M urea-protein solutions were diluted with Destreak 
Rehydration buffer (8 M Urea, 2% CHAPS, 50 mM DTT, trace bromophenol blue) (GE 
Healthcare, Piscataway, NJ) with added 0.5% (v/v) 3-10 Immobilized pH Gradient (IPG) 
carrier ampholyte buffer (BioRad Life Science division, Hercules, CA). Once mixed, 0.2 
mL of this solution was used to rehydrate the isoelectric focusing (IEF) strips (11 cm, 3-
10 IPG) (BioRad) for 20 hours at room temperature with each sample run in duplicate. 
The volumes used for dilution of each 8 M urea-protein solution (Table 1) were 
proportional to the amount of protein present with the more populated samples (corn 
germ extract, CEX Fraction: Wash, ATPS Bottom Phase) mixed at a ratio that allowed for 
the maximum possible protein to be loaded per IEF strip (200 μg is the maximum 
protein that can be loaded for a 11 cm IEF strip) and the opposite for the less populated 
samples (ATPS Top Phase, CEX Fraction: 10% B, etc.). The IEF protocol was run for a 
total of, on average, ca. 99,000 V-hours. 
2.2.4.3 Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE) (2
nd
 Dimension Separation) 
 Once focused, each IEF strip was equilibrated for 15 min in 5 mL equilibration 
buffer I (0.375 M Tris-Cl at pH 8.8, 6 M urea, 20% glycerol, 2% (w/v) SDS, 2% (w/v) DTT), 
then for another 15 min in 5 mL equilibration buffer II (0.375 M Tris-Cl at pH 8.8, 6 M 
urea, 20% glycerol, 2% (w/v) SDS, 2.5% (w/v) iodoacetamide). The IEF strips were 
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loaded onto Criterion Tris-HCl Precast 4-20% gradient polyacrylamide gels (BioRad) and 
placed in a Criterion Dodeca Cell (BioRad) which ran for one hour at 200 V. Replicate 
gels were run in parallel  and stained using Coomassie Brilliant Blue G-250.  
2.2.5 Imaging & Analysis of 2DE Gels 
 The finished 2DE gels were scanned at 600 dpi using an ImageScanner (GE 
Healthcare) then uploaded into Progenesis SameSpots software (Nonlinear Dynamics, 
Durham, NC) where the individual spot quantities (area of the spot multiplied by the 
pixel intensity of the stain) were calculated as a percentage of the total spot quantity 
(summation of all individual spot quantities) for that gel which then represents the 
mass of each protein (spot). Besides mass, SameSpots also allows for the determination 
of the pI and MW of each protein by aligning each spot with a standard molecular 
weight marker (Precision Plus Protein Standard Plugs, BioRad) and by assuming a linear 
pI gradient across the gel from 3 to 10. Determining these two properties allows for 
each protein to be matched (or tracked) to every sample gel (six CEX elution fractions, 
two ATPS phases, corn germ extract) leading to the determination of not only the 
partition coefficient (K) (mass in ATPS Top Phase gel/ mass in ATPS Bottom Phase gel), 
but also the mass balance and amount present (or eluted for CEX Fractions). 
Throughout the procedure, some protein was lost, diluted or concentrated at various 
stages by differing amounts (TCA precipitation losses, mass protein loaded per IEF strip, 
etc.) which was accounted for when calculating the spot quantities by multiplying by 
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appropriate correction factors. At this point, each protein had been assigned a pI, MW 
and K value and could be matched (or tracked) from its initial presence in the corn 
germ extract gel through each CEX Fraction gel allowing for a mass balance calculation 
for each protein. This data were then entered into a database organized as shown in 
Table 2. The aim of subsequent analysis was the prediction of the amounts eluted at 
each salt concentration from the pI, MW, and K of that protein. 
2.2.6 Development of the Multivariate Random Forest (MVRF) Method 
 Because there is no explicit MVRF package available, we developed our own 
MVRF R code, which makes use of the multivariate-CART package [91], developed by 
Glen De’ath [58] for single trees. One of the three predictor variables was chosen at 
random for each split with all three having the same probability of being selected. Each 
tree was grown until a single training case observation was present in each terminal 
node. 
 A leave-one-out cross-validation strategy was used to evaluate random forest 
predictions, where each characterized protein was set aside as single-case test set 
while the remaining characterized proteins served as the training set. The size of the 
test set was set to be so low in order to maximize the size of each training set and 
mimic one of the potential applications of the MVRF method, which is to predict one 
protein’s separation behavior using a forest of trees that have each been grown using a 
large number of other proteins' characterization data. A forest of 100 trees was grown 
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to predict the multivariate response of each test case. As a result, each protein had 100 
predictions made for each of the 6 response variables and the average of these 100 
values was reported as that protein's predicted separation behavior.  
A root mean squared error (RMSE) value was then calculated for each protein 
using Equation 2, where the numerator is the sum of squared differences between the 
true values of the response variables (i.e. the fraction of a given protein in each CEX 
elution step) and the predicted values:  
= Σ [ (TrueWASH-PredictedWASH)2+(True10% B-Predicted10% B)2+…+(True100% B-Predicted100% B)26  
Equation 2 
The overall RMSE value for the entire protein characterization database was then 
determined by averaging each individual protein’s RMSE value as shown in Equation 3, 
assuming “j” is the number of characterized proteins in the database: 
RMSEOVERALL= RMSEPROTEIN 1+RMSEPROTEIN 2+…+RMSEPROTEIN jj  
Equation 3 
The other statistic calculated was the variable importance value (VIV) which is a 
reflection of the importance of each predictor variable (characterization property) for 
accurately predicting the response vector defined by the fraction of a given protein in 
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each CEX elution step. The VIV of a given predictor variable was determined as follows.  
First, the mean squared error (MSE) for predicting out-of-bag responses was computed 
for each tree in the forest.  Then the values of the predictor variable whose importance 
is to be assessed were randomly permuted among the out-of-bag cases separately for 
each tree.  Then new predictions for each out-of-bag case were obtained for each tree 
using the permuted data.  The MSE was recalculated based on these predictions, and 
the post-permutation out-of-bag MSE minus the original out-of-bag prediction MSE was 
calculated for each tree.  These differences were averaged over trees to obtain the VIV 
for the given variable, and the process was repeated for each variable.  If a predictor 
variable is important for accurately predicting the response, the original MSE for out-of-
bag predictions should be smaller than the MSE that results when the values of the 
variable are permuted prior to obtaining out-of-bag predictions.  Thus, the larger the 
VIV the more important a variable is for obtaining accurate predictions.  
  2.2.6.1 MVRF Prediction Performance Using Model Protein Dataset 
 In order to  illustrate how this random forest developed from germ extract 
proteins could be used, values for the three characterization properties were collected 
from literature sources (pI and MW) or determined experimentally (Log K) for 11 model 
proteins (see Table 3) for which retention times have been reported [22] for gradient 
elution using otherwise identical resin type and mobile phase conditions. These 
published retention times were converted into elution salt concentrations using the 
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reported elution gradient and then classified as eluting in one of the step elution 
fractions (i.e. % B) used in this work based on that elution salt concentration. The 
method employed here to translate linear elution behavior to stepwise is not ideal but 
there are limited data available in the literature for the CEX separation under similar 
operating conditions (i.e. using the same resin and elution salt). Each model protein 
was then run through the forest to predict the % of each model protein eluted in each 
of the step elution fractions. This distribution was then converted to an estimate of a 
single elution value calculated by multiplying the predicted % by the average salt 
concentration for each step elution fraction (i.e. 0.05 M for 10% B, 0.15 M for 20% B, 
etc.) resulting in a weighted average value of salt concentration for elution. 
2.3. Results & Discussion  
2.3.1 ATPS & Protein Losses 
 After performing four replicates of the ATPS, the average K = 0.516 + 0.01, 
leading to an average Log K = -0.2872 + 0.01 with 95% confidence intervals shown. 
These values indicate that the concentration of protein in the bottom (salt-rich) phase 
was on average about twice as high as that in the top (polymer-rich) phase yielding a 
negative Log (K) value indicating relatively hydrophilic behavior overall of the proteins 
in the corn germ rich fraction after aqueous extraction at pH 7. Also of note, the 
average phase ratio (average volume of top phase/average volume of bottom phase) 
26 
 
had a value very close to 1 (0.995 + 0.02) demonstrating not only consistency in the 
methods but equal phase separation as well.  
As mentioned, there were protein sample losses, dilutions and concentrations 
throughout the procedure. Table 4 summarizes the steps where protein losses occurred 
with the percentages reported being the amount lost of the total protein entering that 
particular step. The losses were assumed to be uniform across all proteins, an 
assumption that has been made previously [48,51] and can be adjusted for by 
eliminating from final analysis those proteins that do not have a reasonable mass 
balance. Every column in Table 4 was accounted for by multiplying the spot quantities 
by the appropriate correction factor in order to get an accurate representation of the 
amount of each individual protein present in the original corn germ extract and to 
complete the mass balance for each protein. Each step and its necessity within the 
procedure were discussed previously. The precipitation observed and protein losses 
that occurred at the ATPS interface (24.92%) may have been the result of too high of a 
protein loading ratio (1 mg/g ATPS). The protein losses due to the partitioning of the 
ATPS phases (4.16% for the top phase, 4.61% for the bottom phase) resulted from 
leaving a small volume of each phase near the interface region as to avoid the 
possibility of disturbing the interface and getting top phase proteins in the bottom 
phase solution or vice versa. The wide range of % losses observed during TCA 
precipitations are attributed to a number of factors including concentration of protein 
at the start of the procedure, concentration of impurities, etc. 
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2.3.2 Cation-Exchange Separation 
 Figure 1 shows the resulting chromatogram after CEX separation of the corn 
germ rich fraction extracted at pH 7. The wash step (protein that did not bind to the 
resin) had the largest absorbance peak (λ = 280 nm) which is as expected for corn germ 
proteins extracted at pH 7 indicating that there are relatively few basic native proteins 
(pI > 7). Also, because of the large mass of protein loaded compared to the volume of 
resin packed in the column, some proteins capable of binding weakly may have been 
blocked by other proteins thus contributing to the large wash step peak. The vertical 
lines indicate, using the conductivity curve as a guide, the fraction volume that was 
pooled to capture each elution peak resulting from each step change in % B. The pH of 
the system remained constant at 7 until the expected spike from when the CIP solution 
was added (pH = 12.65), this also explains the small spike in the conductivity curve. The 
CIP absorbance peak was small and narrow indicating there was a relatively small 
amount of irreversibly bound/precipitated protein that needed to be solubilized by the 
NaOH, but the majority of the protein that bound to the resin eluted during the %B 
step elution sequence.   
2.3.3 Two-Dimensional Electrophoresis & Protein Database 
The 2DE gel scans for all nine protein samples are shown in part (a) of Figures 2-
4 and 7-12 with the molecular weight standard markers shown on the left in kDa and 
the pI range, which was assumed to be linear, shown across the top. For illustrative 
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purposes Figures 2 (corn germ extract), 3 (CEX Fraction: 10% B) and 4 (CEX Fraction: 
100% B) are presented here while the remaining Figures are shown in the supplemental 
materials section. The CEX Fraction: Wash was very heavily populated and as a result, 
the 2DE gel has a very similar spot pattern when compared to the corn germ extract 
gel. Also of note on the wash gel is the presence of proteins with higher pI values that 
had a net positive charge at pH 7 and, on the basis of net charge would have been 
expected to bind. Both of these observations are indications that the ratio of mass 
protein loaded per mL resin was high. Comparing the gels of the CEX fractions, in 
general, as the concentration of salt increases, the higher pI or more basic proteins 
become more predominate and the lower end of the pI range portion of the gel clears 
up (less proteins elute with low pI values). Also, there are protein aggregates that 
formed at one or both ends of the IEF strip during focusing resulting in streaks with the 
best example of this occurring near the high pI (right side) of the 60% B fraction gel 
(Figure 10) and to a lesser degree on the 100% B fraction gel (Figure 4). These types of 
issues that appear on the 2D gels were addressed either during the analysis performed 
by the SameSpots software or during the mass balance calculation step where the 
lesser quality spots were removed from the database before the MVRF method was 
developed. Looking at the ATPS Fraction gels, the bottom phase is more heavily 
populated then the top phase leading to a negative Log K value which is in agreement 
with the ATPS experimental results discussed earlier.  
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Table 5 shows the breakdown of the number of spots present after different 
“filters” have been applied. For instance, one filter was to eliminate all proteins that did 
not have a mass balance between 70-130% (284 CEX Fraction spots and 211 ATPS 
Fraction spots remained), another was to eliminate those not totaling > 0.1% of the 
total corn germ extract protein (208 CEX Fraction and ATPS Fraction spots remained), 
and the third shown was a intersection of the first two filters: mass balance within 30% 
AND > 0.1% total corn germ extract protein (132 CEX Fraction spots and 103 ATPS 
Fraction spots remain). The treatments and protein losses of the CEX Fraction and ATPS 
Fraction protein samples were different (e.g. only CEX Fractions were freeze dried, 
ATPS Fractions lost protein during partitioning, etc.) until the 2DE sample preparation 
stage leading to two separate mass balances and explaining the presence of two 
columns in Table 5. The values in parenthesis are the % of the total number of spots 
identified by SameSpots (497 total spots) which qualify to be in that particular filter or 
subset. The last row represents the % of total protein that is included in the 
intersection subset, indicating for example that the 132 CEX Fraction spots make-up 
67.97% of the total corn germ extract protein and the 103 ATPS Fraction spots make-up 
58.14% of the total corn germ extract protein. The relatively few spots that remain to 
comprise the intersection subset (27% for CEX Fractions and 21% for ATPS Fractions) 
are of high quality indicated by the large quantity of protein that is accounted for in the 
subset, leading to the conclusion that the filters are doing what is intended by 
eliminating from further analysis the lesser quality and quantity proteins. In order to 
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remove the less abundantly bound proteins from analysis, an additional filter was 
created by removing those proteins that had < 15% bind leaving 41 proteins (which 
make-up 26.92% of the total corn germ extract protein) out of the 132 from the 
intersection subset. This added step equates to the removal of the proteins with only a 
small amount of protein that bound, or those proteins that have a small statistical 
probability of binding regardless of the mass of protein loaded. Within the 41 protein 
subset (those with < 85% in the wash), the %B fraction that had the highest average % 
of bound protein elute was 60% B at 25.69% followed by 10% B at 22.60% and 100% B 
at 18.89%. The %B with the least average protein eluted was 40% B at 15.23% and the 
average % that was in the wash of the 41 protein subset was 74.98% with an average 
Log K value of -0.641 and each protein making up 0.97% of the corn germ extract on 
average. The range of values observed for % protein eluted in each %B step (25.69%-
15.23%) is fairly narrow indicating that whatever fraction (including the wash) the 
target protein elutes at under these conditions is going to require a further step of 
purification. This statistic can be used to track the elution behavior of an individual 
protein that, for instance might be critical to remove from the final product. The largest 
percent of total bound protein quantity eluted in the 10% B fraction (23.64%) and the 
lowest in the 40% B (12.48%) (complete data provided as supplementary material). This 
again indicates that an additional purification step would be required regardless of the 
fraction that the target protein elutes in. Of the 103 ATPS Fraction proteins in the 
intersection subset, on average 78.43% of each protein partitioned to the bottom 
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phase with an average Log K value of -0.622 and on average each one made-up 0.565% 
of the corn germ extract (complete data provided as supplementary material). 
Part (b) of Figures 2-4 and 7-12 show the 3D scatter plots developed from the 
2DE gels where each proteins pI is plotted on the x-axis, MW on the y-axis and Log K on 
the z-axis. There are three different subsets of proteins graphed on the 3D scatter 
plots: the corn germ extract plot (Figure 2) graphed the 132 proteins from the CEX 
Fraction intersection subset, all six CEX Fraction plots (Figures 3-4 and 7-10) graphed 
the 41 proteins having >15% of protein binding from the CEX Fraction intersection 
subset and the ATPS Fraction plots (Figure 11 and 12) graphed the 103 proteins from 
the ATPS Fraction intersection subset. The sizes of the spheres represent: % of total 
corn germ extract (Figure 2, scaled to 1/10th actual), % of protein that did not bind 
(Figure 7, scaled to 1/100th actual), % of bound protein that eluted in each CEX fraction 
(Figures 3, 4 and 8-10, all were scaled to 1/100th actual), and % of protein partitioned in 
each phase during ATPS (Figure 11 and 12, both scaled to 1/20th actual). The 3D 
scatterplots allow for the easy visualization of the trends or dominant traits of proteins 
(if any) that are in each fraction whether CEX or ATPS. For instance, the z-axis values 
(lines) in the ATPS top phase plot are greater (longer) than the values for the ATPS 
bottom phase plot which is to be expected since the greater the Log K value the more 
surface hydrophobicity a protein has. Another benefit of the plots is that the spots can 
be shown on the 2DE gel and easily found in the 3D plot providing valuable information 
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regarding the amount eluted of that particular protein in that %B fraction while at the 
same time knowing the values of the three characterization properties.      
2.3.4 MVRF Prediction Results  
 The prediction results of the MVRF method for the six response variables of five 
randomly chosen proteins from each subset are presented in Table 9 (shown in the 
supplemental materials section) along with the actual response variable values, RMSE 
values, and predictor variables. Table 6 shows the overall RMSE value for each subset 
and demonstrates the accuracy of the MVRF method on a larger scale as all three 
values are low. Also shown are the VIV results for each protein subset. These values 
conform to what is expected based on intuition when dealing with CEX separation, i.e. 
that pI has the highest VIV followed by MW and surface hydrophobicity. Based on this 
criterion, all three subsets give the expected trend of VIV results with pI = 0.66 > MW = 
0.21 > Log K = 0.13 for the 497 protein subset, pI = 0.66 > MW = 0.32 > Log K = 0.02 for 
the Intersection subset (132 proteins) and pI = 0.76 > MW = 0.16 > Log K = 0.07 for the 
41 protein subset. The intersection subset with 132 proteins has the lowest RSME value 
at 0.0279 when compared to the other two subsets, which have values ca. 0.04. With 
all three RMSE values being similar, the criterion for selecting the best performing 
subset of proteins lies in the VIV results as well as the filters that were used to make up 
the subset (e.g. + 30% mass balance, > 0.1% total protein, > 15% bound). If no filters 
were applied to a subset, there is no consistency in the quality of characterized protein 
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which leads to skepticism regarding the reliability. The discussion for the 41 protein 
intersection subset focuses on the high quality of characterized proteins due to the 
three filters applied (+ 30% mass balance, > 0.1% total protein, > 15% bound) and also 
on the high pI VIV result. It seems that even though there is a decrease in the number 
of proteins in a given subset after applying the filters, accurate prediction results can 
still be obtained when using the MVRF method while at the same time eliminating the 
lower abundant, lesser quality proteins which, if not removed, may skew the quality of 
prediction for the other subsets.   
 One issue that warranted further investigation was validating the MVRF 
method’s accuracy independent of the amount of protein that eluted in the wash 
fraction. To achieve this objective, another MVRF method was developed exactly as 
previously described but in this case only five response variables (i.e. the five CEX salt 
elution fractions) were used and the CEX wash fraction data was withheld. Using this 
MVRF method, prediction results were obtained indicating what % of every protein 
would elute in each of the five salt elution fractions. Next, the prediction results from 
the six-response variable MVRF method were normalized to only five response 
variables thereby eliminating the CEX wash fraction results. At this point, RMSE values 
were calculated using the prediction results of the five-response variable MVRF method 
and the normalized six-response variable MVRF method in order to determine if having 
a high % of protein elute in the wash (i.e. not bind) would inhibit the six-response 
variable MVRF method’s ability to accurately predict the elution profile of the bound 
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portion of a protein. The RMSE values just described are presented in Table 10 (shown 
in the supplemental materials section) and indicate that no such dependence exists 
since all three are similar (0.0316 for the 41 protein subset; 0.0375 for the 132 protein 
subset; 0.0475 for the 497 protein subset). Also, using the six-response variable MVRF 
method’s prediction results, no correlation was found between a protein’s RMSE value 
and % in the CEX wash fraction (data not shown) which further illustrates the MVRF 
method’s prediction performance regardless of the % of protein that did not bind.  
 Using the five-response variable MVRF method just described, Figure 5 was 
created using the data from the 41 protein subset presented in Table 7 (shown in the 
supplemental materials section) in order to better visualize the trends of each protein’s 
elution behavior (% of bound protein that eluted in all five elution fractions or [NaCl]) 
with respect to each of the three characterization properties ((a) pI, (b) MW, (c) Log K). 
Figure 6 illustrates the accuracy of the five-response variable MVRF method by 
graphing the difference between the % of each protein that was observed to elute 
(Experimental) and the % predicted to elute (Predicted) in each of the five elution 
fractions, which, like Figure 5, was also done using the 41 protein subset with respect 
to each of the three characterization properties ((a) pI, (b) MW, (c) Log K).  
The model protein dataset was analyzed using the five-response variable MVRF 
method that was developed using the 41 protein subset as described in section 2.6.1. 
The MVRF prediction results for each model protein are presented in two ways in Table 
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3.  The first is in terms of a predicted step elution distribution, while the second is to 
convert this distribution to an estimate of a single elution value that would match the 
form of the experimental result of an elution time in a linear gradient from Ladiwala et 
al. [22]. In the first case, agreement would be based on whether the step fraction with 
the highest fraction eluted matches to which step the gradient time would correspond. 
Using this matching scheme, the five-response variable MVRF accurately predicted the 
correct elution fraction for four out of the 11 model proteins and came within one 
fraction for five out of the remaining 7 model proteins. The fact that three of these 
predicted distributions are identical is a result of their similar properties, which in all 
cases are outside the property ranges covered by the relatively small number of 
proteins on which this MVRF is based. For the second case, casting the prediction in 
terms of salt concentration gave a narrower range of elution than reported 
experimentally but the  predicted elution order gives good agreement with experiment 
except for two proteins (lysozyme and α-chymotrypsin A).  
Overall, this is encouraging because this particular set of available experimental 
results challenges the method in several ways: (1) it requires conversion between step 
ranges and a point in a gradient; (2) 10 of 11 of these model proteins (selected due the 
availability of retention time data) had pI values of 7.6 and higher, while the MVRF 
method was developed using the 41 protein subset of HCP, of which only six (14.6%) 
had pI values this high; (3) the IEF procedure used to obtain those pI values was least 
accurate for pI>9 due to the range of the IEF strip. Thus, this collection of model 
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proteins was testing the prediction accuracy at the fringes of data used to develop the 
forest, as well as near the limits for experimentally determining the pI value. Increasing 
the number of proteins used to develop the MVRF method did not improve the 
prediction accuracy (data not shown) in part because of the presence of unreliable 
proteins, an issue which could be countered by improving accuracy and sensitivity of 
the characterization methods by using a more sensitive staining method or larger gel 
dimensions for example. In addition, the retention time data taken from Ladiwala et al. 
[22] was generated loading one protein at a time with loadings much lower than used 
here when loading the germ extract.  
An alternative application of the developed MVRF is to assess ease of recovery 
of any of these 11 model proteins expressed in corn using CEX. The prediction would be 
that any of these proteins would elute in a fraction contaminated with a relatively large 
amount of host proteins since the 60% B (0.6 M NaCl) fraction had the largest elution 
peak on the CEX chromatogram of the corn extract. 
2.4. Conclusions 
  For the six-response variable method, all three subsets of proteins analyzed have 
RMSE values below 0.05 indicating the accuracy of the MVRF method towards 
predicting separation behavior. The VIV results also reinforce the performance of the 
MVRF method of all three subsets as pI was shown to have the greatest importance 
when determining the elution behavior of the protein. When comparing all the factors 
37 
 
(VIV, filters, RMSE, etc.) that apply to each of the three subsets, the 41 protein subset 
deserves the highest weighting of results because the three filters eliminated the 
proteins that could potentially skew the method leaving only the highest quality 
proteins to develop the MVRF method. Thus the MVRF method provided accurate 
predictions of a multivariate response with multiple predictor variables for CEX. The 
next step is to expand the database of characterized HCP to other commonly used 
downstream purification techniques (e.g. ammonium sulfate precipitation, 
hydrophobic interaction chromatography) and hosts (e.g. E. coli) in order to increase 
the potential applications of the MVRF method. A future goal is to be able to 
encompass a wide range of possible host systems with each one’s separation behavior 
characterized for a range of purification methods and operating conditions (e.g. various 
resins and buffer compositions). At which point this work would enable anyone that 
has the goal of designing an efficient and effective downstream purification process for 
a selected r-protein to analyze a number of possible host-purification method 
combinations without setting foot in the lab until the optimal can be reached. This 
study established the accuracy of a method that can predict the separation behavior of 
a complex mixture of proteins a priori using a relatively simple and inexpensive 
characterization technique that will not only reduce the downstream purification costs 
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Table 1. Sample loadings to first dimension of 2D electrophoresis. 
Sample 
Vol. 8M urea-protein 
solution (μL) 
Vol. Destreak Rehydration 
Solution (μL) 
Mass protein loaded/IEF strip
a
 
(Vol. to load/IEF strip) 
Corn Germ Extract 80 420 200 μg (200 μL) 
ATPS Top Phase 250 250 87.3 μg (200 μL) 
ATPS Bottom Phase 104 396 200 μg (200 μL) 
CEC Fraction: Wash  39 461 200 μg (200 μL) 
CEC Fraction: 10 % B 131 369 100 μg (200 μL) 
CEC Fraction: 20 % B 26 474 100 μg (200 μL) 
CEC Fraction: 40 % B 42.5 457.5 100 μg (200 μL) 
CEC Fraction: 60 % B 106 394 150 μg (200μL) 
CEC Fraction: 100 % B 35 465 100 μg (200 μL) 
 
a Mass loaded per strip is proportional to amount of protein populating each individual 
sample with the heavily populated samples loading the maximum mass allowable (200 










Table 2. Examples of database entries of protein characteristics (3) and measured 
responses (6) from chromatography.  
Protein Characterization 
Variables 
Amount of Protein Eluted at Given Condition during CEX 
Separation                  (salt concentration) 













28.86 5.19 -0.57 4.87*105 2.65*104 3.57*104 2.97*104 1.23*104 2.20*104 










































10% B 20% B 40% B 60% B 100% B 
Pyruvate Kinase 237 7.6 -2.06 0.3261 3 40 31.3
h 28.78 14.37





 -1.04 0.315 1 40 28.2 24.77 12.79 16.26 17.98 0.315 2 
Lysozyme 14.4 11.35 1.97 0.4734 10 60 23.37 18.83 10.49 41.78
i 5.53 0.325 3 





 -0.94 0.345 5 40 21.52 19.63 10.73 41.23 6.9 0.334 5 
Ribonuclease B 14.7
c
 9.6 -1.786 0.3614 6 40 21.44 19.62 10.71 41.26 6.97 0.334 6 




 -1.47 0.4415 8 60 21.44 19.62 10.71 41.26 6.97 0.334 7 




 -1.39 0.4522 9 60 21.44 19.62 10.71 41.26 6.97 0.334 8 





 -1.72 0.5312 11 60 20.67 19.54 12.3 38.24 9.25 0.342 10 
α-Chymotrypsin A 25 8.75 -0.435 0.3213 2 40 23.38 14.53 12.51 41.75 7.83 0.342 11 
 
a
 Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu & Glatz [17]. 
c Plummer and Hirs [92]. 






e Calculated using retention times and elution gradient reported in Ladiwala et al. [22]. 
f Predicted using five-response variable MVRF method developed using 41 protein subset. 
g Using linear elution retention time data (from Ladiwala et al. [22]), underlined value indicates step elution fraction where 
protein would elute (i.e. mirrors column labeled “Converted Step Elution Fraction (%B)”). 
h Bold values indicate the fraction with the highest predicted % eluted using the selected MVRF method. 
I Bold and underlined value indicates that the fraction with the highest predicted % eluted matches the fraction where the 
protein would elute using the linear elution retention time data (from Ladiwala et al. [22]). 










Table 4. Summary of steps throughout procedure where protein losses occurred with 









a Calculated by taking the difference between the total protein mass that went into the ATPS 
system and the sum of the masses accounted for in the top and bottom phase after 
partitioning.  
b NA = not applicable for that protein sample during that step.  












Mass lost (%) 
as unrecovered 
phase liquid 






Corn Germ Extract NAb NA 27.98 27.12 
ATPS Top Phase 
24.92 
4.16 75.53 4.26 
ATPS Bottom Phase 4.61 30.64 3.63 
CEX Fraction: Wash NA NA 55.01 14.25 
CEX Fraction: 10 % B NA NA 73.83 7.29 
CEX Fraction: 20 % B NA NA 15.44 11.37 
CEX Fraction: 40 % B NA NA 31.83 8.63 
CEX Fraction: 60 % B NA NA 45.48 4.33 
CEX Fraction: 100 % B NA NA 9.95 7.93 
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Table 5. Number of protein spots included in each of the defined subsets. 
 
# Spots 
Description of Filter or Subset CEX Fractions ATPS Phases 
Total # Spots (Proteins) 497 497 
Mass Balance (MB) + 30% 284 (57%
a
) 211 (42%) 
> 0.1% Total Corn Germ Extract 208 (42%) 208 (42%) 
Intersection subset (MB + 30% AND                 
> 0.1% Total Corn Germ Extract ) 
132 (27%) 103 (21%) 
% Total Corn Germ Extract protein included 

















Table 6. Variable Importance Values (VIV) for each of the three characterization (predictor) 
variables calculated for each subset of proteins. 
  Predictor Variable Importance Values 
 
Subset Description pI MW Log K RMSE
a 
All proteins                   
(497 proteins) 
0.66 0.21 0.13 0.0406 
Intersection subset
b
            
(132 proteins) 
0.66 0.32 0.02 0.0279 
Intersection subset
b
 &            
> 15% protein bound                    
(41 proteins) 
0.76 0.16 0.07 0.0407 
 
a Root Mean Squared Error results calculated for each subset of proteins. 
b Intersection subset describes the set of proteins where each individual protein accounts for > 











List of Figures:  
Figure 1. Chromatogram resulting from CEX separation of corn germ rich fraction extracted at 
pH 7.0. The vertical lines represent the points where the fraction volumes were pooled to 
represent each fraction and to capture each step’s peak. The y-axis is scaled to mAU/10 (milli-
absorbance units/10) and corresponds to %B concentrations as well. 
Figure 2. Protein property characterizations: (a) Corn germ extract 2D gel with 200 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of total protein present 
in corn germ extract (1/10th scale); 132 spots shown; all are +30% of mass balance and >0.1% of 
the total corn germ protein extract. 
Figure 3. Protein property characterizations: (a) CEX Fraction: 10% B 2D gel with 100 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of bound protein that 
eluted in the 10% B step (1/100th scale); proteins with <85% total eluting during wash are 
shown (41 spots); all are +30% of mass balance and >0.1% of the total corn germ protein 
extract. 
Figure 4. Protein property characterizations: (a) CEX Fraction: 100% B 2D gel with 100 μg 
protein loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of bound protein 
that eluted in the 100% B step (1/100th scale); proteins with <85% total eluting during wash are 




Figure 5. Plot of the % of bound protein that eluted in each step elution fraction with respect to 
(a) pI, (b) MW and (c) Log K using the five-response variable MVRF method developed using the 
41 protein subset data.  
Figure 6. Plot of the difference between the % of each protein that was observed to elute 
(Experimental) and the % predicted to elute (Predicted) in each step elution fraction with 
respect to (a) pI, (b) MW and (c) Log K using the five-response variable MVRF method 


















































































2.6 Supplemental Material 
Table 7. Characterization and elution behavior of individual proteins.a 
MW      
(kDa) 








% of Bound Protein Eluted in Each %B Step
b
 
% Total Corn 
Germ Extract 10% B (0.1 M) 20% B (0.2 M) 40% B (0.4 M) 60% B (0.6 M) 100% B (1.0 M) 
18.36 9.44 -0.011 123.19 43.29 15.66 14.66 11.83 55.11 2.73 0.18 
22.63 9.46 -0.227 122.89 49.11 9.78 6.76 6.36 71.49 5.61 0.50 
19.89 9.50 -0.043 108.98 53.28 12.19 19.64 9.42 51.08 7.67 0.16 
47.38 6.56 -0.531 97.81 57.84 10.86 14.01 11.94 34.69 28.50 1.07 
45.81 7.44 -0.645 96.17 60.38 9.95 20.56 19.06 27.28 23.15 0.17 
45.49 7.23 -0.814 118.76 62.13 17.33 19.32 11.80 24.48 27.06 0.46 
36.75 9.46 -0.243 91.66 64.76 9.95 20.89 13.06 45.69 10.41 0.19 
26.74 4.59 -0.600 93.41 68.19 8.79 11.05 51.84 25.44 2.88 0.15 
25.31 4.52 0.104 77.89 69.72 13.38 16.84 60.66 5.98 3.14 0.15 
24.01 5.83 -0.728 106.89 70.80 6.00 17.43 19.52 12.29 44.76 0.24 
31.47 5.90 -0.865 119.91 71.80 5.51 9.77 13.31 45.14 26.27 0.77 
32.09 5.71 -0.682 112.56 72.38 5.29 11.29 11.45 22.13 49.83 1.02 
33.52 6.12 -0.483 71.80 72.61 15.14 13.16 12.18 51.26 8.27 0.18 
23.82 5.95 -0.652 101.56 74.30 9.56 28.24 14.94 19.16 28.09 1.06 
31.59 5.92 -0.891 123.61 75.65 10.31 8.58 11.27 32.67 37.17 0.31 
44.34 6.92 -1.067 88.96 75.98 15.46 16.56 10.06 35.19 22.73 1.30 
23.22 6.25 -0.886 76.57 76.22 6.35 12.05 24.54 27.61 29.44 0.51 
24.15 7.23 -0.408 75.19 76.70 9.19 39.76 4.31 10.79 35.95 0.17 
21.45 6.47 -0.343 116.46 77.82 15.02 7.67 6.41 27.22 43.68 0.25 
23.62 6.09 -0.776 94.96 78.78 8.12 9.22 24.51 24.52 33.64 1.51 
19.04 5.60 -0.881 121.11 78.93 44.62 20.17 12.10 20.70 2.41 0.16 
41.30 7.43 -0.553 84.35 79.09 56.83 13.53 14.13 8.41 7.09 0.15 
31.16 7.03 -0.420 85.05 79.21 60.45 11.50 13.75 6.86 7.45 0.39 
33.27 6.92 0.393 77.41 80.00 65.36 15.28 8.67 4.53 6.16 0.31 






31.72 6.13 -0.632 119.30 81.28 11.11 13.99 9.96 43.56 21.38 0.15 
19.39 6.04 -0.919 96.51 81.55 38.44 21.18 12.14 14.30 13.93 3.46 
52.26 7.66 -0.600 115.87 81.80 41.98 31.30 18.59 3.29 4.83 0.30 
43.61 7.00 -1.066 70.50 81.84 26.61 15.62 10.86 25.83 21.08 3.68 
56.33 7.33 -1.081 119.25 81.88 31.46 33.91 10.79 5.33 18.51 3.10 
19.82 6.18 -1.054 101.09 82.11 30.64 16.01 8.43 21.08 23.84 4.28 
25.56 6.08 -0.690 72.19 82.86 20.81 10.54 42.05 6.46 20.14 0.34 
19.43 5.91 -0.945 104.61 83.13 40.94 18.44 14.74 17.37 8.51 1.51 
26.62 9.28 -0.884 94.74 83.29 33.79 7.25 14.52 41.88 2.56 0.77 
15.75 6.42 -0.254 96.34 83.40 34.86 50.16 8.84 5.02 1.12 1.85 
30.22 6.15 -0.834 104.08 83.48 9.80 17.68 11.45 39.71 21.36 0.34 
20.92 5.92 -0.810 128.25 83.49 20.36 11.03 9.43 25.68 33.49 1.68 
21.32 6.05 -0.578 97.84 83.51 35.43 15.06 7.85 16.79 24.87 0.74 
57.23 7.21 -1.216 108.46 83.63 27.38 36.29 16.07 5.48 14.78 3.18 
22.37 7.07 -0.402 128.09 83.86 14.36 14.64 16.51 49.77 4.71 0.17 
20.07 6.32 -0.902 120.11 84.16 34.88 15.88 7.29 19.04 22.91 0.45 
 AVG = -0.641 101.116 74.982 22.600 17.596 15.226 25.690 18.888 0.966 
% of total bound protein mass eluted in each fraction: 23.635 19.492 12.482 23.494 20.907  
14.59
c 4.16 -0.625 89.97 88.46 9.20 54.06 25.74 6.95 4.05 0.19 
11.57 4.98 0.456 108.01 91.34 29.81 28.93 26.16 8.99 6.11 0.26 
11.64 5.12 -0.365 105.41 92.96 36.09 30.04 19.98 9.69 4.20 0.69 
28.86 5.19 -0.567 122.66 96.75 27.02 30.54 21.14 10.56 10.74 0.19 
15.82 5.34 -0.686 113.66 90.93 29.00 43.84 17.06 6.10 4.00 0.24 
11.53 5.41 0.038 88.94 89.19 20.81 39.79 26.75 7.66 5.00 0.17 
20.86 5.48 -0.745 103.18 85.56 27.94 18.73 14.91 14.26 24.16 0.18 
22.24 5.50 -0.840 125.33 90.28 15.73 24.86 19.29 21.13 18.99 0.40 
60.84 5.52 -0.829 124.87 95.84 42.06 20.66 22.91 8.11 6.26 0.26 
12.95 5.53 -0.843 103.68 94.05 21.20 43.58 21.74 8.77 4.71 0.78 
10.22 5.58 0.292 99.40 87.26 14.77 56.00 16.23 7.99 5.00 0.18 
10.26 5.60 0.081 95.42 89.18 13.05 54.04 21.60 6.24 5.08 0.23 
75.63 5.62 -0.988 84.30 94.01 38.30 19.66 25.90 13.12 3.02 0.76 
20.79 5.65 -0.882 116.91 85.05 34.14 15.81 11.17 11.85 27.03 0.54 






25.93 5.70 -0.604 122.62 93.46 14.95 18.20 30.52 7.61 28.72 0.18 
67.32 5.71 -1.034 99.33 95.05 35.76 29.04 24.57 6.42 4.22 1.13 
93.96 5.74 -0.910 73.93 92.50 21.77 47.86 20.59 6.79 2.98 0.34 
68.83 5.83 -1.013 100.57 96.19 35.55 19.66 32.15 8.74 3.90 0.91 
57.83 5.86 -0.796 80.35 93.84 29.74 24.80 29.25 11.21 5.01 0.25 
75.63 5.87 -0.928 85.02 96.33 31.14 22.38 30.74 11.33 4.41 0.30 
18.54 5.88 -0.899 107.58 89.57 48.93 27.46 13.94 7.21 2.46 1.52 
68.98 5.88 -0.862 90.86 97.04 26.27 26.62 32.14 11.47 3.49 0.63 
16.39 5.89 -0.292 127.09 90.12 16.08 56.93 15.14 9.21 2.64 1.25 
48.01 5.90 -0.755 91.23 96.47 23.61 25.96 34.78 9.67 5.99 1.16 
37.94 5.91 0.050 95.91 91.89 15.86 32.37 42.23 5.76 3.79 0.29 
50.15 5.91 -0.815 96.92 96.47 30.61 15.91 34.40 13.06 6.02 0.74 
13.66 5.92 -0.072 124.45 90.52 27.79 54.54 11.19 5.11 1.37 1.89 
58.28 5.94 -0.612 83.09 95.34 29.70 27.28 26.92 9.82 6.28 0.70 
70.48 5.94 -0.669 94.89 96.33 26.93 24.92 31.71 12.27 4.17 0.38 
18.39 5.96 -0.815 122.24 89.45 51.20 20.93 16.22 9.73 1.92 0.73 
48.22 5.97 -0.550 100.07 97.09 16.73 18.68 43.48 12.53 8.58 1.27 
46.02 6.02 -0.685 85.84 95.05 21.55 16.64 36.30 13.96 11.56 0.32 
66.57 6.03 -0.547 80.45 95.68 24.74 29.75 30.20 10.56 4.75 0.36 
10.75 6.04 -0.268 121.94 95.92 20.64 46.40 21.20 7.11 4.65 0.47 
49.58 6.05 -0.602 88.93 96.83 24.34 27.17 23.76 16.88 7.85 0.79 
12.50 6.08 -0.461 123.86 95.70 28.20 36.95 24.50 6.70 3.64 2.24 
49.79 6.12 -0.473 108.68 93.66 25.48 19.54 27.94 18.76 8.28 0.19 
45.28 6.13 -0.442 85.12 90.86 15.89 24.46 33.46 14.98 11.22 0.19 
41.19 6.15 -0.617 74.14 87.96 19.41 24.16 19.27 24.25 12.90 0.20 
56.78 6.16 -0.436 83.43 95.37 25.18 24.26 28.88 10.82 10.86 0.33 
17.36 6.19 -0.468 73.06 93.84 24.67 31.38 26.71 12.02 5.22 0.24 
11.38 6.20 -0.202 117.46 88.86 15.76 71.12 8.06 3.11 1.95 0.17 
50.00 6.20 -0.373 103.97 95.73 22.16 18.10 22.48 19.95 17.31 0.15 
66.42 6.23 -0.912 71.60 92.62 28.04 30.54 24.79 11.27 5.36 0.24 
25.50 6.24 -0.459 106.85 86.11 15.25 15.16 45.14 13.48 10.97 0.15 
60.99 6.24 -0.463 78.89 93.90 35.71 25.54 23.45 9.19 6.11 0.22 






30.53 6.26 -0.311 121.58 86.29 11.98 13.75 10.65 31.70 31.92 0.24 
49.90 6.31 -0.321 78.86 93.02 16.42 10.67 15.41 37.80 19.71 0.40 
13.73 6.32 -0.660 109.39 85.61 17.83 47.06 28.01 5.11 1.99 0.18 
65.21 6.32 -1.050 71.28 94.84 24.74 28.41 32.37 8.43 6.05 0.50 
41.61 6.32 -0.845 73.57 95.46 25.10 26.86 21.05 20.39 6.60 0.32 
10.78 6.33 -0.854 109.06 86.93 18.97 72.18 4.99 2.04 1.83 1.14 
49.90 6.33 -0.393 92.90 89.95 10.57 15.18 19.38 41.05 13.82 0.71 
62.95 6.33 -0.498 72.06 95.55 24.76 29.66 26.41 11.48 7.69 0.22 
40.46 6.33 -0.875 88.26 95.57 24.11 23.68 30.55 16.35 5.31 0.90 
50.30 6.42 -0.330 81.24 88.63 13.02 12.59 12.26 39.82 22.33 0.34 
10.75 6.45 -0.747 123.72 86.23 31.56 56.24 6.24 4.12 1.84 0.18 
12.24 6.51 0.698 73.09 87.54 35.45 29.60 22.64 7.13 5.18 0.65 
28.48 6.56 -0.095 85.68 93.37 36.64 22.41 21.90 9.93 9.11 0.26 
12.16 6.57 0.503 84.24 95.75 22.68 37.74 20.75 11.71 7.13 0.72 
25.00 6.60 0.124 82.42 94.64 19.49 24.85 22.68 13.13 19.85 1.31 
15.75 6.61 -0.599 125.29 90.10 59.41 21.05 11.79 5.22 2.53 0.59 
23.82 6.61 0.021 128.89 92.77 20.89 16.23 15.45 22.27 25.17 0.28 
13.88 6.62 -0.282 95.40 94.56 38.52 22.84 21.68 11.08 5.87 1.21 
21.18 6.65 -0.576 118.39 91.20 19.69 12.66 16.87 33.41 17.36 0.58 
91.88 6.65 -0.800 79.68 95.04 36.72 17.30 31.91 9.87 4.19 0.69 
11.42 6.72 -0.189 92.92 96.63 27.44 40.66 16.82 9.27 5.81 6.20 
15.96 6.81 -0.345 125.37 92.59 22.13 21.70 23.45 22.42 10.30 0.21 
31.09 6.91 -0.358 92.14 85.10 48.54 20.72 13.83 9.47 7.44 0.15 
13.77 6.98 -0.741 127.10 95.54 40.37 20.04 24.10 9.31 6.18 1.38 
57.53 7.08 -0.979 105.60 85.40 21.88 25.26 15.28 6.84 30.74 3.75 
23.82 7.09 -0.261 100.18 92.47 23.40 31.90 15.69 19.30 9.71 0.34 
57.23 7.13 -1.325 110.68 85.09 24.65 33.99 18.56 5.89 16.90 2.28 
39.31 7.15 -0.882 89.95 94.53 31.86 26.54 15.36 16.81 9.42 1.04 
11.83 7.17 -0.883 102.96 85.75 27.97 45.22 12.64 8.93 5.23 0.18 
36.50 7.17 -0.791 71.00 91.55 23.81 30.57 20.40 15.17 10.06 0.42 
34.26 7.21 -0.194 88.96 89.28 41.24 34.42 9.74 5.86 8.73 0.16 
18.86 7.23 -0.396 104.93 91.74 8.51 35.42 9.21 44.89 1.97 0.89 






32.46 7.44 -0.766 82.50 90.65 55.17 17.56 11.31 10.26 5.70 0.35 
18.71 7.46 -0.433 95.72 94.82 27.33 38.83 13.16 16.29 4.39 1.85 
30.47 7.52 0.037 110.29 89.46 25.77 37.35 19.53 9.66 7.68 0.29 
25.87 7.53 0.114 93.12 86.25 44.02 22.22 13.30 16.13 4.32 0.25 
32.40 7.67 -0.806 109.82 95.46 31.64 30.97 25.51 6.80 5.08 0.65 
27.61 7.86 0.973 125.85 95.36 28.20 34.14 21.14 7.72 8.79 0.27 
38.05 8.01 -0.326 119.75 92.86 30.24 29.99 29.69 5.33 4.75 0.20 
38.68 8.71 -0.586 96.45 93.31 25.79 42.32 18.43 8.04 5.41 0.21 
18.71 8.85 -0.730 77.03 92.85 23.70 46.81 15.18 10.09 4.23 0.50 
26.12 9.06 -0.638 113.99 87.33 75.26 6.25 11.76 5.14 1.59 0.60 
132 Protein Avg = -0.550 99.884 86.792 25.918 26.000 19.946 16.550 11.586 0.758 
 
a Mass balance % (100 + 30%), % of protein in the wash fraction, % of bound protein eluted in each CEX fraction (%B) and % of the 
total corn germ extract that particular protein accounted for ( % > 0.1). 
b 100% represents all protein detected in eluting fractions. Method results based on % of protein loaded and includes wash 
prediction. 









Table 8. Characterization of individual proteins in top and bottom phases after ATP partitioning 
of corn germ extract.a 
MW 
(kDa) 
pI Log K 
Mass 
Balance % 
% Protein Partitioned in Each ATPS Phase % Total Corn 
Germ Extract Top Phase Bottom Phase 
25.31 4.52 0.104 90.86 55.94 44.06 0.10 
11.64 5.12 -0.365 101.70 30.12 69.88 0.47 
10.15 5.18 -0.520 110.19 23.20 76.80 0.40 
15.82 5.34 -0.686 106.47 17.08 82.92 0.16 
20.86 5.48 -0.745 119.40 15.25 84.75 0.12 
15.89 5.51 -0.637 115.01 18.73 81.27 0.20 
60.84 5.52 -0.829 107.79 12.92 87.08 0.18 
75.63 5.62 -0.988 80.88 9.33 90.67 0.52 
36.57 5.68 -0.559 120.70 21.62 78.38 0.18 
67.32 5.71 -1.034 115.50 8.47 91.53 0.77 
32.09 5.71 -0.682 80.70 17.20 82.80 0.69 
93.96 5.74 -0.910 88.18 10.96 89.04 0.23 
68.83 5.83 -1.013 112.47 8.85 91.15 0.62 
57.83 5.86 -0.796 91.48 13.79 86.21 0.17 
75.63 5.87 -0.928 95.70 10.56 89.44 0.20 
18.54 5.88 -0.899 93.71 11.21 88.79 1.04 
68.98 5.88 -0.862 77.71 12.08 87.92 0.43 
16.39 5.89 -0.292 126.54 33.82 66.18 0.85 
48.01 5.90 -0.755 93.41 14.96 85.04 0.79 
19.43 5.91 -0.945 71.88 10.20 89.80 1.03 
50.15 5.91 -0.815 81.59 13.29 86.71 0.50 
20.92 5.92 -0.810 96.99 13.42 86.58 1.14 
58.28 5.94 -0.612 71.40 19.64 80.36 0.47 
70.48 5.94 -0.669 78.32 17.66 82.34 0.26 
23.82 5.95 -0.652 98.92 18.22 81.78 0.72 
18.39 5.96 -0.815 97.03 13.28 86.72 0.50 
48.22 5.97 -0.550 74.62 22.00 78.00 0.86 
46.02 6.02 -0.685 71.72 17.11 82.89 0.22 
19.39 6.04 -0.919 81.90 10.76 89.24 2.35 
10.75 6.04 -0.268 121.11 35.02 64.98 0.32 
25.56 6.04 -0.631 81.28 18.97 81.03 0.23 
49.58 6.05 -0.602 73.10 20.01 79.99 0.54 
21.32 6.05 -0.578 71.26 20.89 79.11 0.50 
25.56 6.08 -0.690 104.62 16.95 83.05 0.23 
23.62 6.09 -0.776 102.38 14.34 85.66 1.03 
49.79 6.12 -0.473 119.97 25.20 74.80 0.13 
33.52 6.12 -0.483 118.67 24.75 75.25 0.12 
45.28 6.13 -0.442 95.48 26.53 73.47 0.13 
15.82 6.15 -0.655 113.59 18.11 81.89 0.49 
63 
 
30.22 6.15 -0.834 118.57 12.77 87.23 0.23 
41.19 6.15 -0.617 100.77 19.46 80.54 0.14 
19.82 6.18 -1.054 90.59 8.11 91.89 2.91 
17.36 6.19 -0.468 83.61 25.40 74.60 0.16 
66.42 6.23 -0.912 96.68 10.91 89.09 0.16 
60.99 6.24 -0.463 76.06 25.60 74.40 0.15 
77.08 6.25 -1.252 103.97 5.30 94.70 0.92 
23.22 6.25 -0.886 90.73 11.49 88.51 0.35 
30.53 6.26 -0.311 112.65 32.84 67.16 0.17 
65.21 6.32 -1.050 72.12 8.18 91.82 0.34 
20.07 6.32 -0.902 102.28 11.14 88.86 0.31 
41.61 6.32 -0.845 92.59 12.51 87.49 0.22 
40.46 6.33 -0.875 88.79 11.78 88.22 0.61 
20.86 6.33 -0.757 118.35 14.88 85.12 0.57 
49.90 6.33 -0.393 70.49 28.79 71.21 0.48 
10.75 6.45 -0.747 95.94 15.18 84.82 0.12 
30.10 6.46 -0.478 80.51 24.95 75.05 0.83 
21.45 6.47 -0.343 90.74 31.24 68.76 0.17 
47.38 6.56 -0.531 88.01 22.76 77.24 0.72 
28.48 6.56 -0.095 110.44 44.56 55.44 0.18 
32.59 6.57 -0.544 94.51 22.21 77.79 0.32 
28.48 6.58 0.095 95.79 55.46 44.54 0.16 
25.00 6.60 0.124 99.66 57.08 42.92 0.89 
15.75 6.61 -0.599 95.91 20.11 79.89 0.40 
21.18 6.65 -0.576 120.00 20.96 79.04 0.40 
32.46 6.70 -0.341 77.07 31.31 68.69 0.20 
11.42 6.72 -0.189 113.56 39.31 60.69 4.22 
45.49 6.74 -0.531 118.27 22.75 77.25 0.34 
53.31 6.80 -0.436 85.16 26.83 73.17 0.11 
44.34 6.92 -1.067 129.27 7.90 92.10 0.88 
33.27 6.92 0.393 78.93 71.20 28.80 0.21 
90.83 6.97 -0.576 70.77 20.99 79.01 0.16 
13.77 6.98 -0.741 125.18 15.36 84.64 0.94 
43.61 7.00 -1.066 97.91 7.91 92.09 2.50 
91.04 7.02 -0.812 70.65 13.36 86.64 0.24 
57.53 7.08 -0.979 104.22 9.50 90.50 2.55 
23.82 7.09 -0.261 89.57 35.44 64.56 0.23 
44.02 7.11 -1.177 109.68 6.24 93.76 1.53 
57.23 7.13 -1.325 110.33 4.52 95.48 1.55 
39.31 7.15 -0.882 89.56 11.61 88.39 0.71 
36.50 7.17 -0.791 91.76 13.94 86.06 0.29 
57.23 7.21 -1.216 95.69 5.73 94.27 2.16 
34.26 7.21 -0.194 80.81 39.01 60.99 0.11 
24.15 7.23 -0.408 78.61 28.10 71.90 0.11 
15.64 7.26 -0.696 127.89 16.77 83.23 0.96 
56.33 7.33 -1.081 108.02 7.66 92.34 2.10 
64 
 
40.67 7.35 -0.582 97.62 20.75 79.25 0.14 
36.19 7.40 -0.984 94.02 9.40 90.60 0.66 
24.08 7.40 -0.507 86.83 23.71 76.29 0.26 
32.46 7.44 -0.766 84.14 14.63 85.37 0.24 
45.81 7.44 -0.645 115.51 18.46 81.54 0.12 
18.75 7.66 -0.165 122.23 40.61 59.39 0.31 
52.26 7.66 -0.600 99.07 20.09 79.91 0.20 
32.40 7.67 -0.806 119.32 13.51 86.49 0.44 
27.61 7.86 0.973 121.98 90.39 9.61 0.18 
51.36 7.96 -0.621 114.63 19.33 80.67 0.28 
18.89 7.98 -0.232 108.70 36.98 63.02 0.12 
38.05 8.01 -0.326 99.59 32.08 67.92 0.14 
38.68 8.71 -0.586 129.94 20.60 79.40 0.14 
18.71 8.85 -0.730 91.34 15.70 84.30 0.34 
21.91 8.87 -0.815 82.64 13.29 86.71 0.12 
22.63 9.46 -0.227 110.05 37.23 62.77 0.34 
36.75 9.46 -0.243 86.26 36.38 63.62 0.13 
19.89 9.50 -0.043 115.47 47.54 52.46 0.11 
 AVG= -0.622 97.83 21.57 78.43 0.565 
 
a Mass balance % (100 + 30%), % of protein partitioned in each ATPS phase and % of the total 












Table 9. Comparison of predicted and true (experimental) values of % of protein loaded that then elutes in each fraction for 
randomly chosen examples of individual proteins from each protein subset. 
a True (experimental) fraction. 
b Method predicted fraction.  
c Root Mean Squared Error results for each protein. 
MW 
(kDa) 


























Intersection subset & > 15% bound (41 proteins) 
31.59 5.92 -0.890 0.7565 0.0251 0.0209 0.0274 0.0795 0.0905 0.7726 0.0369 0.0331 0.0323 0.0713 0.0539 0.01815 
20.92 5.92 -0.809 0.8349 0.0336 0.0182 0.0156 0.0424 0.0553 0.7913 0.0493 0.0397 0.0279 0.0442 0.0476 0.02169 
23.81 5.95 -0.652 0.7430 0.0246 0.0726 0.0384 0.0492 0.0722 0.7836 0.0286 0.0287 0.0396 0.0556 0.0639 0.02484 
19.39 6.04 -0.918 0.8155 0.0709 0.0391 0.0224 0.0264 0.0257 0.8177 0.0591 0.0361 0.022 0.0371 0.028 0.00674 
21.31 6.05 -0.578 0.8351 0.0584 0.0248 0.0129 0.0277 0.0410 0.7912 0.0359 0.0322 0.0331 0.0546 0.053 0.02504 
Intersection subset (132 proteins) 
33.52 6.12 -0.483 0.7261 0.0415 0.0360 0.0334 0.1404 0.0226 0.8716 0.0289 0.0238 0.0227 0.0275 0.0255 0.07566 
45.28 6.13 -0.442 0.9366 0.0162 0.0124 0.0177 0.0119 0.0052 0.9242 0.0156 0.0158 0.0166 0.0183 0.0094 0.00613 
21.45 6.47 -0.343 0.8128 0.0208 0.0262 0.0186 0.0816 0.0400 0.8134 0.0303 0.0281 0.0306 0.0535 0.0441 0.01319 
26.12 9.06 -0.638 0.9086 0.0145 0.0223 0.0306 0.0137 0.0102 0.7693 0.0339 0.0413 0.0367 0.0665 0.0524 0.06422 
36.75 9.46 -0.243 0.8348 0.0162 0.0292 0.0189 0.0656 0.0353 0.8295 0.0304 0.0239 0.0335 0.0427 0.04 0.01302 
All proteins (497 proteins) 
27.30 4.81 -0.549 0.9335 0.0242 0.0148 0.0124 0.0106 0.0045 0.8692 0.0286 0.0329 0.0269 0.0212 0.0212 0.02910 
47.69 4.86 -0.674 0.9012 0.0327 0.0168 0.0310 0.0088 0.0095 0.8863 0.0247 0.0281 0.0245 0.0195 0.0169 0.01020 
13.17 4.87 -0.056 0.8393 0.0568 0.0216 0.0247 0.0189 0.0386 0.8697 0.0309 0.045 0.0264 0.0159 0.012 0.02184 
27.48 4.89 -0.323 0.9461 0.0168 0.0138 0.0094 0.0098 0.0041 0.8541 0.0328 0.0411 0.0276 0.0202 0.0244 0.04146 






Table 10. Demonstration of the six-response variable MVRF method’s prediction accuracy for 
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a Root Mean Squared Error (RMSE) results calculated using the prediction results of the five-
response variable MVRF method and the normalized six-response variable MVRF method.  
b Intersection subset describes the set of proteins where each individual protein accounts for > 












List of Figures shown in the supplementary material section: 
Figure 7. Protein property characterizations: (a) CEX Fraction: Wash 2D gel with 200 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of each protein in the 
wash step (1/100th scale); proteins with <85% eluting during wash are shown (41 spots); all are 
+30% of mass balance and >0.1% of the total corn germ protein extract. 
Figure 8. Protein property characterizations: (a) CEX Fraction: 20% B 2D gel with 100 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of bound protein that 
eluted in the 20% B step (1/100th scale); proteins with <85% total eluting during wash are 
shown (41 spots); all are +30% of mass balance and >0.1% of the total corn germ protein 
extract. 
Figure 9. Protein property characterizations: (a) CEX Fraction: 40% B 2D gel with 100 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of bound protein that 
eluted in the 40% B step (1/100th scale); proteins with <85% total eluting during wash are 
shown (41 spots); all are +30% of mass balance and >0.1% of the total corn germ protein 
extract. 
Figure 10. Protein property characterizations: (a) CEX Fraction: 60% B 2D gel with 150 μg 
protein loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of bound protein 
that eluted in the 60% B step (1/100th scale); proteins with <85% total eluting during wash are 




Figure 11. Protein property characterizations: (a) ATPS Top phase 2D gel with 87.3 μg protein 
loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of each protein 
partitioned to the top phase (1/20th scale); 103 spots shown; all are +30% of mass balance and 
>0.1% of the total corn germ protein extract. 
Figure 12. Protein property characterizations: (a) ATPS Bottom Phase 2D gel with 200 μg 
protein loaded onto the IEF strip; (b) 3D scatter plot: sphere size represents % of each protein 
partitioned to the bottom phase (1/20th scale); 103 spots shown; all are +30% of mass balance 
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Abstract 
 During the downstream processing (DSP) portion of the biopharmaceutical 
manufacturing process, host cell proteins (HCP) remain the most problematic impurity to 
remove. As a result, furthering the knowledge of the separation behavior of HCP will provide 
guidance for selecting the optimal purification technique thereby helping to alleviate the 
manufacturing bottleneck that occurs during DSP. A mixture of HCP (corn germ extract) was 
separated during a commonly chosen downstream purification method, hydrophobic 
interaction chromatography (HIC). After separation, each HCP was characterized by quantifying 
three separation-relevant properties; isoelectric point (pI), molecular weight (MW) and surface 
hydrophobicity (SH) where pI & MW were determined by two-dimensional electrophoresis 
(2DE) and SH was determined based on a protein’s partitioning in an aqueous two-phase 
system (ATPS). The result was a database that contained for each protein empirically observed 
separation behavior (i.e. amount of protein populating each HIC elution step) along with values 
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for the three characterization properties. A multivariate random forest (MVRF) statistical 
methodology was then applied to this database and evaluated based on prediction accuracy. 
The MVRF was able to adequately predict a HCP separation behavior during HIC based on the 
root mean squared error (RMSE) values never exceeding 0.01 (shown in units: fraction of 
protein eluted in each HIC elution step). Surprisingly the SH measure proved not be a strong 
predictive component perhaps because of the absence of a measure of clustering of 
hydrophobic residues.  The current work adds an additional separation method to an earlier 
parallel treatment of cation exchange. 
Keywords: Two-Dimensional Electrophoresis (2DE), Aqueous Two Phase System (ATPS), 
Multivariate Random Forest (MVRF), Hydrophobic Interaction Chromatography (HIC), Surface 
Hydrophobicity (SH), protein purification 
3.1. Introduction 
 As the global biopharmaceutical market continues to expand, so too does the 
importance placed on developing expedient and cost effective manufacturing processes for 
production of the target biologics. Within such processes, downstream purification is 
commonly referred to as the bottleneck for a number of reasons including recent 
improvements in upstream titers and an increased pressure on being first to market [1] and its 
major share of production costs. Host cell proteins (HCP) remain the most challenging product 
impurity to remove during downstream processing (DSP) because of similarity of separation 
behavior with the target [2-3]. Therefore, understanding the separation behavior of HCP during 
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common DSP purification methods would provide valuable information when the goal is to 
select the optimal purification method. 
 Understanding the separation behavior of a complex mixture of HCP requires 
quantifying separation-relevant physicochemical properties of each protein. To achieve this, a 
previously developed 3D protein characterization technique was applied which couples 
aqueous two-phase separation (ATPS) with two-dimensional electrophoresis (2DE) [4-5]. This 
method was designed to quantify three properties of each protein that is present in a complex 
mixture; isoelectric point (pI), molecular weight (MW) and surface hydrophobicity (SH). The first 
two are readily determined from 2DE and SH is based on a protein’s partitioning behavior 
during ATPS using a polymer-salt system where the more hydrophobic proteins will partition 
with a larger amount in the top, polymer-rich phase versus the bottom, salt-rich phase [6]. 
Other characterization techniques can provide numerous physicochemical properties or 
descriptors for a single protein depending on the existence of a known crystal structure which is 
not feasible for a HCP extract [7].    
 Once the separation behavior of each HCP has been empirically observed for a selected 
purification method and then characterized by determining its three properties, the resulting 
database can be utilized for the purposes of creating a predictive statistical tool. For this 
application, multivariate random forest (MVRF) was selected over other chemometric statistical 
methods in part because of the ability to handle both multiple predictor (i.e. inputs which for 
this work will be the three characterization properties) and response variables (i.e. amount of 
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protein populating each separation fraction resulting from the chosen purification method) in 
addition to data nonlinearities [8].  
Previously, the 3D characterization method and MVRF methodology have been applied 
to a mixture of corn germ HCP during cation-exchange chromatography (CEX) [8]. A more 
detailed background on the 3D characterization method and MVRF methodology can be found 
in this same article, Swanson et al. (2012) [8]. The current study applies this same to 
hydrophobic interaction chromatography (HIC) while using the same expression host extract 
(i.e. HCP mixture), corn germ.  
HIC is favored in the biotechnology industry as a selective, non-denaturing technique 
applicable to the purification of a wide range of proteins (e.g. membrane proteins, serum 
proteins, nuclear proteins) [7,9]. The retention mechanism is the binding between hydrophobic 
areas on the proteins surface and the non-polar ligands on the resin in a high salt environment 
[9-11]. Retention has been related to a variety of factors including overall SH, the type and 
concentration of mobile phase salt [11], the presence of hydrophobic amino acids clusters on 
the protein’s surface [12-13], adiabatic compressibility [12,14], buffer pH [7] and presence of 
charged regions on the protein’s surface [7,15]. The chemistry of the stationary phase 
influences the extent to which each of the protein properties will affect the binding [11]. For 
example, Ladiwala et al.  [7] determined that the extent to which size influences the retention 
behavior of a protein was dependent on the type of resin and Karsnas and Lindblom [16] 
reported the influence of protein charge.  
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The physicochemical properties of a protein have been used to model adsorption effects 
[17-19] and predict retention times [9,12,14,20-21]. As discussed earlier, some of these 
approaches require knowledge of protein crystal structures which is not currently completely 
available for  HCP. In such cases, one needs a predictive model based on a small number of 
accessible protein descriptors for the collection of HCP. The obvious question would be 
whether using a small number of descriptors can yield the same accuracy of a model which uses 
a far greater number. A preliminary study demonstrated that a statistical model (partial least 
squares regression) using only the three properties (pI, MW, SH) was able to predict retention 
time during HIC for a set of specific proteins with comparable accuracy as one based on the far 
greater number of descriptors taken from crystal structures [22]. That encouraged extending 
the work to a much larger data set, in this case corn HCP, paired with a statistical methodology 
appropriate to the larger set. 
 The feasibility of using plants as an expression host in the open field for producing 
biologics has improved in recent years and corn is no exception [23-31]. There are numerous 
research and review articles in the literature documenting the advantages to molecular farming 
including the previous publication of this work [8] where a more detailed explanation can be 
found as to why corn was selected as the expression host.  
 Developing an accurate, easy-to-use prediction tool for determining separation behavior 
of a complex mixture of HCP proteins (e.g. expression host extract) that can be developed using 
a relatively simple characterization technique would provide valuable information when it 
comes time to decide on which purification method to utilize. The current study expands upon 
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a previous work that verified the prediction accuracy of the MVRF methodology to predict HCP 
separation behavior during CEX 
3.2. Materials and methods 
 The materials and methods followed those of Swanson et al. (2012) [8] and only 
deviations and previously unreported techniques are described here. All chemicals were from 
Fisher Scientific (Pittsburgh, PA) unless otherwise noted. The corn germ extract was prepared as 
before [8] and yielded a total protein concentration of 8.502 mg mL-1 or 20 mg protein 
extracted/g corn. An ÄKTA Explorer chromatography system (Amersham Biosciences, 
Piscataway, NJ) was used to perform the HIC separations.  
 3.2.1 Hydrophobic interaction chromatography (HIC) 
The hydrophobic interaction resin used was Phenyl Sepharose 6 Fast Flow (Sigma-
Aldrich, St. Louis, MO) which was packed into an 8 mL fixed-volume column (Amersham 
Biosciences), stored in 20% (v/v) ethanol (storage solution) and kept at 4° C when not in use. 
The buffers used to perform the HIC separation were as follows: equilibration buffer (A) 
composed of 1.0 M ammonium sulfate with 50 mM sodium phosphate at pH 7.0, elution buffer 
(B) composed of 50 mM sodium phosphate at pH 7.0, clean-in-place (CIP) buffer composed of 
0.1 M sodium hydroxide with 50 mM sodium phosphate at pH 12.67. After equilibrating the 
column to baseline with buffer A, the column was injected with a 9.6 mL aliquot (81.6 mg total 
protein) of corn germ extract that was previously adjusted to a concentration of 1.0 M 
ammonium sulfate and pH 7.0. A concentration of 1.0 M ammonium sulfate was chosen after 
screening a range of molarities in order to determine the limit of salt that could be added to the 
81 
 
corn germ extract without forming a precipitate prior to loading. After loading, the column was 
washed with five column volumes (CV) of buffer A before beginning the step elution protocol 
with buffer B: 45% B, 60% B and 100% B with each step run for five CV. The flow rate and 
fraction size were kept constant throughout the separation at 1 mL min-1 and 5 mL, 
respectively. Cleaning with five CV of CIP and flushing with storage solution preceded column 
storage. The step elution protocol was aimed at capturing sufficient protein in each fraction 
based on observation of a linear elution separation of the same sample over the same range of 
eluents. The 5 mL-fractions within each elution step peak were pooled together and assayed for 
total protein content. Figure 1 shows the chromatogram resulting from the HIC step elution 
separation with absorbance peaks (λ= 280 nm) in each fraction. Based on peak area shown in 
Figure 1, 54.5% of the total corn germ extract protein loaded onto the HIC column eluted in the 
wash fraction, 16.2 % at 45% B, 6.9% at 60% B, 2.8% at 100% B and finally, 19.6% remained 
bound at the end of the stepwise protocol and required the CIP solution conditions to elute. 
 3.2.4 Aqueous two phase system (ATPS) 
 The ATPS composition (15.7% (w/w) polyethylene glycol (PEG) MW = 3350 (Sigma-
Aldrich, St. Louis, MO), 8.9% (w/w) sodium sulfate, 3.0% (w/w) sodium chloride all in 20 mM 
sodium phosphate at pH 7.0), mass (12 gram ATPS system), loading (1 mg total corn germ 
protein/gram ATPS), separation procedure and Log K calculations (for both the corn germ HCP 
and individual model proteins) were the same as previously reported (Swanson et al., 2012). 
ATPS partitioning was performed in triplicate with an average phase ratio of 0.93 with like 
phase solutions pooled that will be referred to as ATPS top phase and ATPS bottom phase 
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separation fractions. As observed and reported previously, a precipitate formed at the interface 
during ATPS partitioning (22.6%) possibly as a result of overloading which led to the solubility 
limit being surpassed for the mixture of corn germ proteins in both phases [8]. In addition, a 
small volume (i.e. small % of protein) near the interface was not withdrawn or separated in 
order to avoid possibly contaminating the top phase with bottom phase protein and vice versa. 
These losses were assumed to be consistent across all proteins [8]. The average ratio of total 
protein concentration in the top phase to that in the bottom phase (K) was 0.479 + 0.01, giving 
a Log K value of -0.319 + 0.01 with 95% confidence intervals shown. Overall, the corn germ 
extract exhibited hydrophilic behavior as the concentration of protein in the bottom (salt-rich) 
phase was more than double that in the top (polymer-rich) phase. 
 3.2.5 Separation fraction processing steps: concentrate & de-salt protein solutions 
 At this point in the procedure, there are 6 fractions that have resulted from separating 
the corn germ extract using HIC (4) and ATPS (2), all of which are listed in Table 1 along with the 
corn germ extract sample itself (“Corn germ extract”). Table 1 also illustrates the processing 
steps that each of the 7 samples underwent in order to concentrate and de-salt the protein 
solutions, if needed, for 2DE (i.e. high protein concentration with low salt presence). For 
instance, all four of the HIC separation fraction protein solutions (wash, 45% B, 60% B, 100% B) 
were concentrated during processing step 1 by freeze-drying (Labconco, Kansas City, MO) 
before reconstituting the dried product with 50 mM sodium phosphate at pH 7.0. However, 
only the wash, 45% B and 60% B fractions required de-salting (processing step 2) since the 
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conductivity of buffer B (50 mM sodium phosphate) in the 100% B fraction was already very 
low.  
Slide-A-Lyzer dialysis cassettes (Thermo Scientific, Rockford, IL) were used to dialyze the 
separation fractions against 50 mM sodium phosphate at pH 7.0 at a ratio of 500:1 (dialysis 
buffer volume: separation fraction volume). The buffer was changed twice after the cassette 
had been on a stir plate for two hours before changing the buffer one more time and letting it 
stir overnight, all done in the cold room. Processing step 3 was a concentration step of the 
dialyzed fraction, again using freeze-drying and reconstituting the dried product with 50 mM 
sodium phosphate at pH 7.  
 3.2.6 Two-dimensional electrophoresis (2DE)  
 The sample preparation, isoelectric focusing (IEF or 1st dimension separation), SDS-PAGE 
(2nd dimension separation), imaging and analysis methods were as reported by Swanson et al.  
[8] with notable deviations described here. After sample preparation, the final air-dried pellets 
of the 7 samples (6 separation fractions, 1 corn germ extract aliquots) were dissolved in varying 
volumes of 8 M urea sufficient to dissolve the larger pellets without unnecessary dilution. Table 
1 details the amount of 8 M urea-protein solution that was mixed with Destreak Rehydration 
buffer (8 M urea, 2% CHAPS, 50 mM DTT, trace bromophenol blue) (GE Healthcare) with added 
0.5% (v/v) 3-10 immobilized pH Gradient (IPG) carrier ampholyte buffer (BioRad Life Science 
division, Hercules, CA) and loaded onto the IEF strips (11 cm, 3-10 IPG) (BioRad) [8]. Two IEF 
runs were needed in order to accommodate the number of samples, which were all run in 
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duplicate and each run achieved, on average, ca. 90,000 total V hours over just less than 19 
hours.  
The second dimension SDS-PAGE gels used were Criterion Precast 4-20% gradient 
polyacrylamide gels (BioRad) run for 1 h at 200 V in a Criterion Dodeca Cell (BioRad)  and then 
stained with Coomassie Brilliant Blue G-250 after spending 45 mins in a fixative solution (10% 
v/v acetic acid, 40% v/v EtOH). The “batch” of finished 2DE stained gels were imaged as before 
[8] and uploaded into Progenesis SameSpots software (Nonlinear Dynamics, Durham, NC). The 
batch included all of the HIC separation fraction gels along with the corn germ extract, ATPS 
bottom phase and ATPS top phase gels. The SameSpots analysis allowed for the determination 
of the amounts of individual proteins initially present in the extract and each fraction.  
 In order to ensure that the highest quality and quantity proteins are analyzed using the 
MVRF methodology, filters were used to screen less accurately determined spots from further 
analysis [8]. Filtered subsets of proteins were calculated based on mass balance % (+ 30%) and 
% of total corn germ extract (> 0.1%) criteria, where those proteins that meet both were put in 
the intersection subset. The last filter criterion was applied to the intersection subset and based 
on whether a particular protein had > 80% bind to the HIC resin.  
3.2.7 Development of multivariate random forest (MVRF) 
 The MVRF methodology used for this work follows exactly what has been described 
before [8]. The number of MVRF input (i.e. three characterization properties) and response (i.e. 
amount of each protein present in the HIC separation fractions) variables differ from the 
previous purification method (CEX). For HIC, the MVRF method will only have four response 
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variables since there were only four separation fractions (wash, 45% B, 60% B, 100% B). This 
changes only slightly the equation used to calculate the root mean squared error (RMSE) value 
for each protein since there will be fewer terms in the sum of squared differences portion of 
the numerator as well as a change in the denominator, an example of which is shown below in 
Eq. (1): 
 
  (1) 
3.2.7.1 MVRF prediction performance using model protein dataset 
 The last step was to test the MVRF method’s prediction performance by gathering 
values for the three characterization properties, whether from literature sources (pI and MW) 
or experimentally (Log K), for a set of model proteins with reported HIC behavior, similar to 
what was done in Swanson et al. (2012) [8]. HIC retention times for a set of model proteins 
under very similar conditions as those employed for this work (e.g. resin type, mobile phase, 
etc.) were reported [7]. Of the set reported, 13 were selected for this study based on the 
availability of empirically determined Log K values. Table 2 provides a summary of these data 
along with values and their origins for the three characterization properties for all 13 model 
proteins. The reported linear retention times were converted into elution salt concentrations 
based on the buffer concentration at the reported elution time [8]. The set of model proteins 
was run through the MVRF yielding the % of each that eluted in every step elution fraction. 
Finally, this distribution was converted to an estimate of a single elution value calculated by 
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multiplying the predicted % by the average ammonium sulfate concentration for each step 
elution fraction (i.e. 0.2 M for 100% B, 0.475 M for 60% B, etc.) resulting in a weighted average 
value of salt concentration for elution.  
3.3. Results and discussion 
 Each of the four HIC separation fraction 2DE gels are shown in Figure 2 ((b)-(e)) along 
with the corn germ extract (a) and ATPS top and bottom phase gels ((f)-(g)). When using the 
ATPS phase gels as references, the HIC separation fraction gels demonstrate, to some degree, 
the opposite of the expected elution behavior when separating based on hydrophobicity. For 
instance, the wash fraction would be expected to contain the more hydrophilic-behaving corn 
germ proteins but instead, the wash 2DE gel has a somewhat similar spot pattern with the ATPS 
top phase gel, which represents the more hydrophobic behaving proteins, in that both show 
few proteins above 50 kDa. One would also expect the more hydrophobic behaving corn germ 
proteins to elute later (i.e. higher % B) but in fact when comparing the gels by increasing % B, 
the frequency and intensity of spots in the high MW region (> 50 kDa) increases as well.  
This is more clearly demonstrated by the overall similarity between the spot pattern of 
the 100% B (expected hydrophobic behaving proteins) and ATPS bottom phase gels (hydrophilic 
behaving proteins). The ATPS top phase gel did have a slightly lower mass of protein loaded 
onto the IEF strip (Table 1) making it possible that the higher MW proteins simply were not 
visualized on the 2DE gel when using Coomassie stain due to low abundance. Any streaking or 
other anomalies that appear on any of the gels presented in Figure 2, which could be a result of 
protein aggregation, were addressed either during the analysis done by the proteomics 
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software (SameSpots) or during the mass balance calculation step [8]. Table 3 shows the total 
number of spots (i.e. proteins) resulting after SameSpots analysis (760) on the HIC batch of gels. 
In addition, Table 3 also presents how many proteins qualified for the intersection subset (114 
accounting for 36% of the total extract protein mass) and the final subset filtered based on % 
bound (63 accounting for 17% of the total extract protein mass).  
In order to better visualize all three properties for each protein in a given separation 
fraction, a 3D scatterplot was generated from each 2DE gel image and these are shown in 
Figure 3 for the 63 protein subset (Intersection subset & > 80% protein bound). The expected 
trend on the elution fraction scatterplots would be for the sphere size of the negative Log K 
proteins (i.e. small values in the z-axis, hydrophilic behaving) to decrease from 45% B to 100% B 
and vice versa for the hydrophobic behaving or positive Log K proteins; however, this is not 
apparent. Comparing the ATPS top phase scatterplot to that of the bottom phase clearly 
illustrates what would be expected regarding change in sphere size based on SH. One trend 
observed in the 63 protein subset from Figure 3 is that the proteins found to have a basic pI 
have more hydrophobic behaving tendencies since the higher values of Log K (i.e. z-axis) lie in 
the high pI region.  
 Also reported in Table 3 are the MVRF method prediction results including the RMSE 
value (with units: fraction of protein eluted in each HIC elution step) for all three of the filtered 
protein subsets. While still relatively low indicating an accurate prediction performance when 
using the MVRF methodology, all three values are high when compared to the RMSE values 
from the other purification method that has been characterized (CEX) [8].  
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Finally, Table 3 also presents the variable importance value (VIV) statistics for all three 
characterization properties and all three filtered protein subsets. The VIV statistics are a 
numerical indication of how important each of the three characterization properties were 
towards successfully predicting the elution profile for a given purification method. A more 
detailed description can be found in Swanson et al. (2012) [8].  Ignoring the above observation 
of unexpected trends with hydrophobicity, the expected outcome was that SH (i.e. Log K) would 
have the largest VIV statistic. However, for all three subsets, MW was shown to have the most 
influence during HIC followed by pI and then Log K. In the case of HIC or any other mode of 
chromatography, the argument could be made that a protein’s MW will influence retention 
behavior by various mechanisms. For instance, as MW increases, so too does the probability of 
the presence of a clustering of surface hydrophobic residues in addition to increased steric 
exclusion effects (prohibiting the protein from accessing the ligands contained within the pores 
or shielded on the surface by other proteins). Based on numerous reports in the literature, 
regardless of mechanism, SH still remains a significant separation property during HIC, much 
more so than pI.  
An explanation for the lack of correlation with our SH measure may lie in the difference 
between how the chosen characterization method, ATPS, quantifies a protein’s overall SH 
whereas during HIC, a point clustering of hydrophobic residues on a protein’s surface could 
cause retention. There are multiple publications reinforcing this conclusion [32-34]. Despite the 
mismatch of hydrophobicity measure used and the more mechanistic measure warranted, the 
MVRF method is able to provide somewhat effective behavior sorting evidenced by the low 
RMSE values.   
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Figure 4 shows the last visualization tool generated, a 3D mesh plot which allows for the 
direct comparison of the MVRF method’s prediction accuracy for each of the three 
characterization properties over the course of the entire step elution protocol for the 63 
protein subset. The biggest difference between the experimentally observed % of a protein that 
eluted and that predicted to elute by the MVRF method (z-axis) can be seen to occur in the 45% 
B (0.55 M (NH4)2SO4) and 100% B (0.0 M (NH4)2SO4) fractions. One observation from the MW 3D 
mesh plot is the trend of an increase in prediction error as the MW increases.       
 Table 4 lists the 13 model proteins and their respective values for each of the three 
characterization properties which were taken from Table 2 as introduced earlier. The MVRF 
method predicted elution results using the forest generated with the 63 protein subset are also 
presented in Table 4. Three proteins (phospholipase, ribonuclease A, ribonuclease B) all had the 
same predicted elution profile which based on the high degree of similarities between the 
MVRF input variables (i.e. characterization properties) especially for pI and MW, is not that 
unexpected of a result. No clear correlation between any of the three properties and predicted 
elution profile or order is apparent. The results show that for 53.8% of the proteins (7 out of 13) 
the MVRF method either correctly predicted the step fraction each protein was expected to 
elute or came within one fraction. In the four columns under the heading “MVRF predicted 
elution values”, the proteins that were correctly predicted are indicated by the values that are 
both bold and underlined whereas a bold value next to an underlined value indicates a protein 
that was predicted correctly within one fraction. When comparing the order of elution for all 13 
proteins taken from Ladiwala et al. (2006) [7] (“Order of elution” column from Table 2) to the 
MVRF method predicted order (“Single elution value [(NH4)2SO4] predicted order” column from 
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Table 4), there is very little similarity between the two sequences. One possible explanation as 
to the source of prediction error might lie in the less than ideal conversion techniques used to 
go from linear gradient elution times to stepwise values. Additional factors that may have 
contributed to the prediction error include the fact that the majority of pI and Log K values of 
the 13 model proteins fall in a region that was less accurately quantified during the IEF 
separation for pI (i.e. > 9) and at the extreme of observed values with respect to Log K (< -1.5). 
Unfortunately, none of these issues could have been avoided due to a lack of data in the 
literature mirroring the selected HIC separation conditions. 
3.4. Conclusions 
The difference between the type of SH that dictates a protein’s partitioning during ATPS 
and that which controls the elution profile during HIC lead to both the counter intuitive VIV 
statistics as well as the lack of any expected correlations between experimental results from the 
two methods (e.g. 2DE gel image spot patterns). However, based on the relatively low RMSE 
values, the MVRF method was able to accurately predict the separation behavior of HCP during 
HIC despite this disconnect. Changing the characterization method from one that quantifies 
overall SH (ATPS) to one that would be more sensitive to point clustering’s of hydrophobic 
residues on the surface, such as reverse phase chromatography (RPC), may improve the MVRF 
method prediction performance for HIC. While RPC would provide hydrophobicity values 
similar to those that control separation during HIC, there would be some disadvantages 
including an increase in the number of separation fractions to analyze (only two fractions result 
from ATPS partitioning) and processing requirements due to the harsh buffer conditions which 
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could hinder successful 2DE characterization. An additional possible alternative method would 
be to use a characterization technique that involves mass spectrometry (MS). For instance, 
after 2DE each visualized spot could be cut out and properly prepped (i.e. digested) before MS 
analysis which would provide sufficient information for sequence-based measure of SH.  
 Using what limited data was available in the literature, the MVRF method was applied to 
de novo prediction. When considering both that there were only four separation fractions for 
which to compare the accuracy of the MVRF the 53.8% accuracy for predicting model protein 
separation behavior was of limited success. Thus the most immediate benefit of the results 
would be to compare empirical elution behavior of a potential protein product to the observed 
host behavior well-characterized here. Improvement of the predictive capability would be 
needed to achieve the aim of sequential application of MVRF from other more successfully 
predicted methods (such as CEX [8] and AEX with results for the latter presented in chapter IV) 
as a tool for evaluating a sequence of separations. 
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Processing step 2: 
de-salt (dialysis) 




First Dimension loading details 










(Vol. to load/IEF strip) 
Corn germ extract NO NO NO 96 404 200 μg (200 μL) 
HIC Fraction: wash YES YES YES 127.6 372.4 175 μg (200 μL) 
HIC Fraction: 45% B YES YES YES 41.6 458.4 125 μg (200 μL) 
HIC Fraction: 60% B YES YES YES 53.6 446.4 100 μg (200 μL) 
HIC Fraction: 100% B YES NO NO 40.4 459.6 75 μg (200 μL) 
ATPS top phase NO YES YES 160.4 339.6 100 μg (200 μL) 
ATPS bottom phase NO YES YES 97.2 402.8 175 μg (200 μL) 
a All samples that underwent concentration by freeze-drying (either processing step 1 or 3) were reconstituted after product was dry 
with 50 mM sodium phosphate at pH 7.0. 
b Mass loaded per strip is proportional to amount of protein populating each individual sample with the heavily populated samples 


















a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu & Glatz (2009) [5]. 
c Plummer & Hirs (1963) [35]. 



















Ribonuclease B 14.7c 9.6 -1.786 1.34 1 Wash 
Ribonuclease A 13.7 9.6 -1.158 1.31 2 Wash 
Carbonic anhydrase 28.8e 6.6 -1.747 1.15 3 Wash 
Ovalbumin 44.29 4.9 -1.74 0.51 4 60 
Lysozyme 14.4 11.35 1.97 0.48 5 60 
Lectin 49f 9 -0.902 0.31 6 100 
α-Chymotrypsinogen A 25.6 8.97 0.481 0.18 7 100 
α-Lactalbumin 14.18 4.5 -1.761 0.02 8 100 
β-Lactoglobulin A 18.36 4.93e -1.702 0 9h 100 
α-Chymotrypsin A 25 8.75 -0.435 0 10h 100 
Lipase 29.55e 4.81e 0.153 0 11h 100 
Pyruvate Kinase 237 7.6 -2.06 0 12h 100 






e Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
f Howard (1971) [36]. 
g Calculated using retention times and elution gradient reported in Ladiwala et al. (2006) [7]. 
h Order of elution ties were broken by comparing retention times reported in Ladiwala et al. (2006) [7] of the five proteins that 















Table 3. Variable importance values (VIV) and root mean squared error (RMSE) values along with the number of protein spots 
included in each of the defined subsets. 
Description of Subset 
# Spots 
 (% total mass) 
Variable Importance Values 
RMSE 
pI MW Log K 
All proteins 760 (100%) 0.30 0.67 0.03 0.095 
Intersection subset
a 114 (36%) 0.30 0.68 0.02 0.103 
Intersection subset & > 80% protein bound 63 (17%) 0.25 0.73 0.02 0.095 
a Intersection subset describes the set of proteins where each individual protein accounts for > 0.1% of the total corn germ extract 























a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu & Glatz (2009) [5]. 
c Plummer & Hirs (1963) [35]. 










MVRF predicted elution values







k Wash 45% B 60% B 100% B 
Carbonic anhydrase 28.8e 6.6 -1.747 11.90h 45.25i 19.70 23.16 0.610 1 
α-Chymotrypsinogen A 25.6 8.97 0.481 9.37 37.77 32.65 20.22 0.582 2 
α-Chymotrypsin A 25 8.75 -0.435 10.22 39.85 25.78 24.15 0.582 3 
Phospholipase 14.5d 9.5d -0.94 10.93 34.88 33.56 20.64 0.580 4l 
Ribonuclease B 14.7c 9.6 -1.786 10.93 34.88 33.56 20.64 0.580 4l 
Ribonuclease A 13.7 9.6 -1.158 10.93 34.88 33.56 20.64 0.580 4l 
β-Lactoglobulin A 18.36 4.93e -1.702 14.80 35.94 18.44 30.82 0.576 5 
Lipase 29.55e 4.81e 0.153 14.36 36.71 17.98 30.96 0.575 6 
Lysozyme 14.4 11.35 1.97 9.81 32.16 40.40j 17.63 0.575 7 
Ovalbumin 44.29 4.9 -1.74 13.38 34.23 23.38 29.01 0.568 8 
α-Lactalbumin 14.18 4.5 -1.761 15.73 27.1 20.39 36.79 0.538 9 
Lectin 49f 9 -0.902 13.32 23.00 20.51 43.16 0.495 10 






e Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
f Howard (1971) [36]. 
g Predicted using MVRF method developed using 63 protein subset. 
h Using linear elution retention time data (from Ladiwala et al. (2006) [7]), underlined value indicates step elution fraction where 
protein would elute (i.e. mirrors column labeled “converted step elution fraction (%B)”). 
i Bold values indicate the fraction with the highest predicted % eluted using the selected MVRF method. 
j Bold and underlined value indicates that the fraction with the highest predicted % eluted matches the fraction where the protein 
would elute using the linear elution retention time data (from Ladiwala et al. (2006) [7]). 
k When possible, ties were broken by expanding number of decimal places of single elution value [(NH4)2SO4] estimates when 
possible. 
l The MVRF method predicted phospholipase, ribonuclease A and ribonuclease B to elute at the same [(NH4)2SO4] (0.580 M) and are 







List of Figures: 
Figure 1. Chromatogram resulting from HIC separation of corn germ rich fraction extracted at 
pH 7.0. The y-axis is scaled to mAU/10 (milli-absorbance units/10) and corresponds to %B 
concentration as well. The fraction volumes containing a significant amount of each of the 
peaks were pooled to represent each separation fraction and to capture each step’s peak.  
Figure 2. HIC separation fraction 2D electrophoresis gel images: (a) Corn germ extract with 200 
μg protein loaded onto IEF strip; (b) HIC Fraction: wash with 175 μg protein loaded onto IEF 
strip; (c) HIC Fraction: 45% B with 125 μg protein loaded onto IEF strip; (d) HIC Fraction: 60% B 
with 100 μg protein loaded onto IEF strip; (e) HIC Fraction: 100% B with 75 μg protein loaded 
onto IEF strip; (f) ATPS top phase with 100 μg protein loaded onto IEF strip; (g) ATPS bottom 
phase with 175 μg protein loaded onto IEF strip. 
Figure 3. HIC separation fraction 3D scatter plots: proteins with > 80% total bound to resin are 
shown (63 proteins); all are + 30% of mass balance and > 0.1% of the total corn germ protein 
extract (a) Corn germ extract where sphere size represents % of total protein in corn germ 
extract; (b) HIC Fraction: wash where sphere size represents % of protein in the wash (1/20th 
scale); (c) HIC Fraction: 45% B where sphere size represents % of bound protein that eluted in 
the 45% B step (1/100th scale); (d) HIC Fraction: 60% B where sphere size represents % of bound 
protein that eluted in the 60% B step (1/100th scale); (e) HIC Fraction: 100% B where sphere size 
represents % of bound protein that eluted in the 100% B step (1/100th scale); (f) ATPS top phase 
where sphere size represents % of protein that partitioned into the top phase (1/100th scale); 
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(g) ATPS bottom phase where sphere size represents % of protein that partitioned into the 
bottom phase (1/100th scale).  
Figure 4. HIC separation fraction 3D mesh plots showing the difference between the % of each 
protein that was observed to elute (Experimental) and the % predicted to elute (Predicted) in 
each step elution fraction with respect to (a) pI, (b) MW and (c) Log K using the MVRF method 



































































































CHAPTER IV. USE OF A PROTEOMICS-BASED, MULTIVARIATE, RANDOM FOREST METHOD TO 
SIMULATE ANION-EXCHANGE CHROMATOGRAPHY AND AMMONIUM SULFATE 
PRECIPITATION OF PLANT AND MICROBIAL HOST PROTEINS  
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Abstract 
The downstream purification process (DSP) remains a significant bottleneck when using 
biological expression hosts for the production of recombinant biologics. This issue persists in 
part because of a lack of knowledge of the separation behavior of the host cell proteins (HCP), 
which are the most problematic class of impurity to remove due to similarities in separation 
behavior with the target. The process of selecting the DSP method(s) as well as the host cell can 
benefit from an accurate prediction of the HCP separation behavior. Therefore, to reduce the 
effort required for DSP development, this work was aimed at characterizing the separation 
behavior of a complex mixture of proteins during two commonly used chromatographic and 
non-chromatographic methods: anion-exchange chromatography (AEX) and ammonium sulfate 
precipitation (ASP). An additional goal was to evaluate the performance of a statistical 
methodology as a tool for predicting the separation behavior after being applied to the 
characterization data. Aqueous two-phase partitioning (ATPS) followed by two-dimensional 
electrophoresis (2DE) provided data on the three physicochemical properties most commonly 
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exploited during DSP for each HCP; pI (isoelectric point), molecular weight and surface 
hydrophobicity. The separation behaviors of two separate biological expression host extracts 
(corn germ and E. coli) were characterized for both purification methods creating a database of 
characterized HCP for each purification method-expression host combination (e.g. AEX-corn 
germ; AEX-E. coli, ASP-corn germ, ASP-E. coli). A multivariate random forest (MVRF) statistical 
methodology was then applied to the AEX database of characterized proteins creating an 
accurate tool for predicting the separation behavior of a mixture of proteins. The accuracy of 
the MVRF method was determined by calculating a root mean squared error (RMSE) value for 
each database. This measure never exceeded a value of 0.045 (fraction of protein populating 
each of the multiple separation fractions during AEX). In addition, simultaneous analysis of the 
empirical results from AEX (i.e. chromatograms) for both expression hosts together with the 
predicted elution profiles of a set of model proteins using the MVRF methodology will allow for 
an upstream decision to be made regarding which of the two expression hosts would result in a 
simpler downstream purification process by using product purity and yield as a guide. Overall, 
the current study was aimed at establishing the framework for designing a successful 
downstream process with minimal resources or time spent in the lab.   
Keywords: Two-Dimensional Electrophoresis (2DE), Aqueous Two Phase System (ATPS), 
Multivariate Random Forest (MVRF), Anion-Exchange Chromatography (AEX), Ammonium 






The production process for biologics runs into a manufacturing bottleneck during 
downstream purification as a result of a number of factors with two of the more critical ones 
being upstream titer improvements and increased economic pressure to be first to market [1]. 
This has led to the majority of production costs being devoted to the downstream purification. 
We present a way to evaluate two downstream purification alternatives using a multivariate 
statistical method to predict the separation behavior of host proteins. 
The final goal of any downstream process is to produce the target biologic free of all 
impurities, including DNA, endotoxins, host cell proteins, fragments, and organelles. Host cell 
proteins (HCP) present the greatest challenge as they are more like the target biologic in their 
separation behavior and because of their potential to trigger an immune response [2-3]. As a 
result of immune response concerns, regulatory agencies stipulate the maximum level of HCP 
allowable in the final product (a number on the order of ppm) and at some point may set 
standards for particular HCP.  Hence methods to quantify and characterize HCP throughout the 
manufacturing process are important [2-3].  
There are two classes of empirical methods currently used to detect HCP; 
immunospecific (using polyclonal anti-HCP antibodies raised using a null cell line) and non-
specific methods. The most commonly employed immunospecific method is ELISA (enzyme-
linked immuno sorbent assay) [4-12] despite some disadvantages including the inability to 
quantify the multiple individual HCP that are present in a complex mixture (e.g. expression host 
extract) without the time consuming process of raising separate antibodies for each expressed 
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HCP and the fact that not all HCP are detectable since some do not elicit an immune response 
[13-14]. Two-dimensional gel electrophoresis (2DE) [5, 9-10, 15-17] and mass spectrometry [5, 
9, 15, 17-20] continue to lead the way for HCP detection methods that do not rely on an 
immune response, despite 2DE reproducibility concerns and the relatively high cost of MS 
equipment. The current study focuses on detecting HCP using 2DE and then characterizing their 
separation behavior during two common downstream purification techniques in order to 
identify a separation to produce the product free of the problematic contaminants. 
Characteristics of Anion Exchange and Precipitation 
 Anion-exchange chromatography (AEX) offers mild and non-denaturing operating 
conditions and can achieve an attractive degree of resolution [21-22]. The mechanism by which 
proteins are retained during ion-exchange chromatography is primarily electrostatic 
interactions with the positively charged functional group (for AEX applications) immobilized on 
the surface of the resin. Other properties contribute to the retention behavior of a protein 
including charge asymmetry [23], molecular shape [24] and surface charge [25] in addition to 
some nonprotein factors such as the type of resin, sample load [26] and properties of the 
displacing salt [27].  
Various studies have sought to predict protein retention behavior [28-30], model elution 
curves [31-33] or other process characteristics [34-36].  All used model proteins and some a 
large number of descriptors (i.e. physicochemical properties) that come from having a known 
crystal structure. The goal of the current study was to develop a statistical method that can 
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accurately predict separation behavior while using far fewer yet still conveniently quantifiable 
properties of a protein thereby making it applicable to a mixture of HCP.  
 The non-chromatographic method studied was protein precipitation by salting-out.  
Chromatography has undoubtedly become the workhorse of downstream processing with 
many advantages but there are limitations such as complex scale-up procedures, low 
throughput operation and cost which lead to a heavy interest in alternative separation methods 
[37-38]. Precipitation offers several advantages including easy scale-up process, ability to 
handle high titers and favorable economics in part because only relatively inexpensive 
equipment is required [39]. There are a number of ways to induce precipitation: addition of 
neutral salts (known as salting-out) or organic solvents or pH adjustment (isoelectric 
precipitation). These methods reduce solubility by reducing protein hydration, decreasing the 
dielectric constant of the solvent or decreasing the protein-protein charge repulsion [40].  
The most commonly used technique involves the addition of neutral salts as these tend 
to stabilize structure and prevent degradation [41]. Ammonium sulfate is the frequent choice 
due to its high molarity at saturation (ca. 4 M), relatively low cost, low heat of solution, low 
density at saturation so as to not interfere with the sedimentation of the precipitated proteins, 
and ability to stabilize structure. Lastly the sulfate ion is divalent enhancing its contribution to 
the actual promoter of precipitation, which is ionic strength [41-42]. Protein hydrophobicity 
drives protein-protein precipitation as the salt strips the water of hydration from the 
hydrophobic regions of the surface [39]. Surface hydrophobicity (SH) differences among 
proteins allows for selective precipitation [43].  
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In addition to SH, a number of other properties have been shown to affect the 
precipitation behavior of a protein including other protein-protein interactions [44-45], shape 
factor [46], mixing conditions [47], protein-salt effects [48-49], surface charge [50], 
temperature [51], pH [52] and protein concentration [53]. There have been a wide range of 
studies devoted to modeling protein solubility and precipitation including those that utilize 
molecular thermodynamics [54-56] with some focusing on correlations involving the second 
virial coefficient [57-60].  
Protein Properties as the Basis for Separation 
 Protein molecular weight (MW), surface hydrophobicity (SH) and charge influence 
separation in many recovery methods, including those described above. To the extent they can 
be quantified, they should be included in predictive models or correlations. Possible measures 
of these properties for the population of HCP in a crude extract are limited. The 2DE employed 
here is a traditional technique to characterize a protein’s MW and charge (to the extent that pI 
serves as a measure of charge) and can be used for simultaneous characterization of a complex 
mixture of proteins.  
To quantify SH, partitioning during aqueous two-phase separation (ATPS) was selected 
because of the non-denaturing conditions and the possibility of simultaneous determination of 
multiple protein partition coefficients (K) via 2DE of top and bottom phases.  The resulting 
measured quantity is the logarithm of K, as Log K has been correlated with other measures of 
SH that are not applicable to complex mixtures [61]. A polymer-salt ATPS system was employed 
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where the top phase is rich in polymer and is more hydrophobic than the bottom, salt-rich 
phase [21-22, 62-63].  
This 3D characterization method has been described in greater detail elsewhere [21-22, 
62] as well as previously applied to a corn germ HCP mixture (i.e. corn germ extract) [22, 62], 
soybean extract [64], alfalfa extract [65] and a mixture of model proteins [21]. This work 
expands the database of downstream purification methods that have been thus characterized.  
Proceeding with modeling based on these three properties (MW, pI, Log K) does not 
directly quantify all the factors found to determine separation behavior during AEX. Others 
have employed a higher number of property descriptors coupled statistically, for example, to 
chromatographic retention time. For example, quantitative structure-property (QSPR) or 
retention (QSRR) relationships for which excellent reviews are available [66-67]. These employ 
large number of descriptors based on protein crystal structure and statistically obtain the 
subset of descriptors required for correlation.  For IEX, using a set of model proteins it has been 
shown that with only the three properties obtained by the 3D characterization method, an 
accurate statistical prediction tool can be developed when compared to the QSRR approach 
that require a far greater number of molecular descriptors [21, 68].  
Correlation Approach 
 The QSSR approach is well suited to the cases of small numbers of proteins and large 
numbers of descriptors appearing in the literature. For our situation of large numbers of 
proteins and a small number of descriptors, we chose to evaluate the multivariate random 
forest (MVRF) statistical method. MVRF uses a decision tree format where the continuous 
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inputs (i.e. predictor variables) are the three characterization properties (pI, MW, Log K).  The 
outcomes (i.e. response variables) are the amount or fraction of a protein that elutes in each 
recovery or separation fraction.   
The MVRF methodology is an expansion of the classification and regression tree (CART) 
approach where the data is divided into subsets or nodes using a series of binary (yes or no) 
questions that involve a randomly selected predictor variable (e.g. Is pI > 6?). These questions 
are phrased in order to maximize the degree of homogeneity with respect to the response 
variables amongst the resulting subnodes. The data is continuously split until only a single data 
point remains, i.e. when a node has no descendants which is known as the terminal node or 
leaf and signifies a full grown univariate response tree. A prediction is then obtained by routing 
a test case (i.e. a data point or protein that was withheld from the set used to grow the tree) 
through the tree based on the three predictor variables until a terminal node is reached [22, 69-
74].  
The idea of a random forest (RF) was developed by Leo Breiman [70] and involved 
multiple independent and randomly grown CART where each tree is grown using a different 
sampling set of data chosen at random using Bootstrap resampling. The RF prediction results 
from averaging the test case predictions (i.e. terminal nodes) from each tree in the forest. 
De’ath [73] generalized the univariate CART ideology and created the multivariate response 
tree where a modified split function was implemented to allow for multiple response variables 
[71, 74-75]. Lastly, Segal [71] developed the idea of the MVRF which can be viewed as either a 
progression of the multivariate response tree or univariate-RF ideology. One of the advantages 
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of the MVRF method is the ability to handle multiple predictor and response variables while 
computing predictions in a straight forward manner once the forest has been completed, but 
there is no explicit prediction equation that can be reported however [76]. Swanson et al. 
(2012) [22] provides greater detail.  
There are numerous other chemometric methods in the literature including partial least 
squares (PLS) [21,77], principal component analysis (PCA) [78-79], artificial neural network 
(ANN) [80-81], support vector machines (SVM) [28-29, 82-85] and multiple linear regression 
(MLR) [81,85]. The MVRF methodology was chosen over these other options in part because of 
the ease in which it can handle data non-linearities as well as complex response vectors.  
Host cell protein considerations  
Escherichia coli (E. coli) is a gram-negative bacterium that is commonly selected as an 
expression host because of the potential for rapid growth rates and high titers which has led to 
a detailed understanding of the E. coli genome. However the inability to perform post-
translational modifications (PTM) and the presence of endotoxins both prohibit using E. coli for 
expression of products requiring PTM as well as introduces additional considerations during 
downstream removal of product contaminants [86-89]. E. coli’s genetic design flexibility allows 
for targeted expression whether for intercellular accumulation in soluble form or as inclusion 
bodies, or external secretion to the periplasm or culture medium [88,90]. As a result, E. coli has 
become the “workhorse” of molecular biology, genetics and biotechnology with many proteins 
now routinely being produced with high yields on the gram/liter scale which provides the 
justification for including it in the current study [88,91].   
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In the biotechnology industry, mammalian cell lines (e.g. Chinese hamster ovary cells) 
and bacterial systems (e.g. E. coli) are the expression hosts that are most commonly utilized, 
but there are other options. Plant expression hosts offer unique advantages such as easy scale-
up process by planting more acres (when using whole plant systems in the open field versus 
plant cell cultures in a bioreactor), the ability to perform PTM and the absence of human 
pathogens or endotoxins [86-88,92-94]. As a result, there have been multiple review articles 
and textbooks recently published that have focused on; GMP (good manufacturing practice) 
manufacturing issues for plant-derived recombinant proteins [95], plant cell cultures as an 
alternative to bacterial or mammalian systems [96] as well as recovery and purification 
strategies during downstream processing of transgenic plants [97].  
Corn has been selected as the plant expression host for this work since it shares the 
advantages of other plant systems with the added benefit of having the capability for targeted 
expression (e.g. to the germ or endosperm fraction of the corn kernel) which can act as a pre-
purification step due to the well-established kernel fractionation methods (e.g. dry- or wet-
milling) that reduce the amount of residual biomass in the downstream process. There are 
however some disadvantages associated with corn such as low and inconsistent expression 
levels, long incubation periods (i.e. long time to harvest) as well as the risk of cross 
contamination or the inadvertent gene transfer to non-transgenic organisms [92-93,98].  
Previously, the separation behavior of a mixture of corn HCP extracted at neutral pH and 
low salt concentration from the germ-rich fraction (after dry-milling fractionation) was 
characterized using the 3D characterization method during cation-exchange chromatography 
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(CEX) using a step elution protocol [22]. The results from that study indicated that the MVRF 
method was able to accurately predict the separation behavior of the individual corn germ HCP 
using only the three characterization properties (pI, MW, Log K) as inputs. As a result, two more 
purification methods were selected for characterization while using the same expression host in 
order to expand the database of downstream methods and allow for modeling of separation 
sequences. 
 The last portion of this work will involve simultaneously analyzing the empirical results 
from AEX (i.e. chromatograms) for both expression hosts (E. coli & corn germ) together with the 
predicted elution profiles of a set of model proteins using the MVRF methodology. This 
comparison will allow for an upstream decision to be made regarding which of the two 
expression hosts would result in a more selective downstream purification process by using 
product purity and yield as a guide.  
4.2. Materials and methods 
 All chemicals used were from Fisher Scientific (Pittsburgh, PA) unless otherwise noted. 
Total protein assays followed the Pierce BCA Protein Assay micro plate procedure (Thermo 
Scientific, Rockford, IL) and were performed in triplicate. Bovine serum albumin (BSA), dissolved 






4.2.1 Expression host extract preparation 
4.2.1.1 Escherichia coli strain, cell cultivation & extraction  
 The strain of E. coli used was BL21(DE3), which was engineered for kanamycin resistance 
and generously provided by W. Kaar of the Center for Biomolecular Engineering Queensland 
University (Queensland, Australia), is an E. coli strain representative of one used for protein 
expression. The E. coli cells were cultivated for 3 days at 37° C while being adapted to minimal 
medium (4 g L-1 glucose, 1 g L-1 NH4Cl, 3 g L
-1 KH2PO4, 6 g L
-1 NaHPO4-7H2O, 0.5 g L
-1 NaCl, 0.25 g 
L-1 MgSO4-7H2O, 0.088 g L
-1 tri-sodium citrate, 11.1 mg L-1 CaCl2, 20 mg L
-1 FeSO4-7H2O, 5 mg L
-1 
MnSO4-H2O, 8.6 mg L
-1 ZnSO4-7H2O, 0.76 mg L
-1 CuSO4-5H2O) on minimal agar plates containing 
50 mg L-1 kanamycin sulfate by repeated streaking [99]. The resulting colonies were harvested 
and stored in 40% glycerol at -80° C. A seed culture was prepared by adding 200 mL of minimal 
medium to a 1 L flask along with 50 mg L-1 kanamycin sulfate, then inoculating with a colony of 
cells before incubating at 37° C while on an orbital shaker set at 200 rpm until the OD600 of the 
broth was close to 1.0 (ca. 19 hours). Next, 400 mL of minimal medium containing 50 mg L-1 
kanamycin sulfate was added to each of 5, 2 L flasks before being inoculated with 30 mL of the 
seed culture broth and incubated again at 37° C on an orbital shaker set at 200 rpm. The OD600 
of the culture broths took 24 hours to reach a value close to 1.0 at which point, all 5 flasks were 
harvested. The harvested broth was centrifuged at 11,000 x g for 20 min at 4° C and after 
discarding the supernatant, the resulting cell pellet was resuspended in 0.9% (w/v) NaCl before 
centrifuging and discarding the supernatant as before. The final cell pellet was resuspended in 
50 mM sodium phosphate and fed through a bead mill (BeadBeater, BioSpec Products, 
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Bartlesville, OK) for homogenization with 0.1 mm diameter glass beads. The cell suspension and 
glass bead mixture (60% glass beads, 40% cell suspension) was poured into the steel chamber 
of the BeadBeater until completely full in order to eliminate as much air as possible to help 
reduce foaming during operation. The chamber was then covered in ice and allowed to cool 
before running the BeadBeater for 5, 1 min intervals with 1 min cooling time in between. After 
completion, the homogenate was centrifuged at 15,500 x g for 45 min at 4° C before filtering 
the supernatant through 0.22 μm cellulose acetate syringe tip filters (Corning Incorporated, 
Corning, NY). Duplicate E. coli cultures and extracts were prepared in this way before aliquoting 
and assaying each for an average total protein concentration of 2 mg mL-1, representing an 
estimated 25% of the total host proteins.  
  4.2.1.2 Corn germ seed variety, fractionation & extraction 
 The corn used was a transgenic B73 variety with targeted germ expression of Green 
Fluorescent Protein (GFP) which was provided by M. Paul Scott (USDA-ARS Iowa State 
University) [100] and fractionated by dry-milling at the ISU Center for Crop Utilization Research 
[101]. The corn germ extract was prepared as before [22] and yielded a total protein 
concentration of 8.502 mg mL-1 or 20 mg protein extracted/g corn. 
The separation, processing and characterization methods described from this point 
were consistently applied to both E. coli and corn germ extracts. This allows for a direct 
comparison between host cell protein characteristics, prediction results for the two expression 




4.2.2 Ammonium sulfate precipitation (ASP) 
 For ammonium sulfate precipitation, three increments of solid ammonium sulfate (i.e. 
cuts) were added to 77 mL of E. coli extract with concentration of 1.52 mg/ml (116.7 mg total 
protein) and 25 mL of corn germ extract (212.5 mg total protein) separately until the desired 
saturation levels were achieved. The series of cuts used in this work were as follows: 0-40% 
extract saturation was the first cut, 40-60% the second cut and 60-95% was the third cut. For 
each cut, the required mass to reach the desired saturation level of solid ammonium sulfate 
was divided up into thirds and slowly added to the extract, while on a stir plate, until 
completely dissolved [100].  
Once the saturation level was reached for each cut, the entire solution was aged on an 
end-to-end shaker for 1 hour before centrifuging at 10,000 x g for 15 min. The resulting 
supernatant was decanted before adding the required amount of solid ammonium sulfate in 
order to achieve the next serial saturation level or cut. The protein pellet that remained after 
centrifugation and the decanting step was re-dissolved in 50 mM sodium phosphate resulting in 
three ASP separation fractions which were aliquotted and assayed for total protein content. 
The final decanted supernatant remaining after the 60-95% cut (i.e. 95% supernatant) was 
saved and will be referred to from here on as the fourth cut or ASP separation fraction. 
 After numerous trial-and-error attempts using the corn germ extract, the final series of 
cuts were chosen to ensure sufficient protein content in each ASP fraction to allow for 
subsequent characterization. 20.7% of the corn germ protein precipitated in the 0-40% cut, 
23.5% in the 40-60% cut, 22.1 % in the 60-95% cut and the remaining 33.7 % stayed in solution 
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in the 95% supernatant.  Of the total protein initially present in the 77 mL of E. coli extract, 
3.0% precipitated in the 0-40% cut, 32.7% in the 40-60% cut, 7.9 % in the 60-95% cut and the 
remaining 56.4% stayed in solution in the 95% supernatant where the widely different protein 
contents in each fraction resulted from applying the established series of cuts determined using 
the corn germ extract to that of E. coli. The entire procedure was both temperature (4° C) and 
pH (7.0) controlled. A small aliquot of the extract-ammonium sulfate slurry was removed after 
aging and another was removed from the supernatant after centrifugation . These two samples 
were then assayed for total protein content which, due to the high concentration of ammonium 
sulfate, required significant dilution of each sample so as to avoid background interference with 
the assay buffers.  
 4.2.3 Anion-exchange chromatography (AEX) 
 The anion-exchange resin was Q Sepharose Fast Flow (GE Healthcare, Piscataway, NJ) 
which was packed into an 8 mL fixed-volume column (Amersham Biosciences, Piscataway, NJ), 
stored in 20% (v/v) ethanol (storage solution) and kept at 4° C when not in use. The ÄKTA 
Explorer chromatography system (Amersham Biosciences) was used to perform the separation 
using the following buffers: equilibration buffer (A) composed of 50 mM sodium phosphate at 
pH 7.0, elution buffer (B) composed of 1 M NaCl with 50 mM sodium phosphate at pH 7.0, 
clean-in-place (CIP) buffer composed of 0.1 M NaOH with 1 M NaCl at pH 12.67. In order to 
avoid overloading the column while at the same time increasing the amount of protein 
captured in each step elution fraction, duplicate AEX separations were performed on each 
extract where the only difference was the amount of protein loaded; 10 mL of the E. coli extract 
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(25.8 mg of total protein) was loaded onto the column during AEX separation 1 and 22 mL (56.7 
mg) during AEX separation 2 where as for the corn germ extract, 5.5 mL (46.75 mg of total 
protein) and 15 mL (127.53 mg) were loaded for AEX separations 1 and 2, respectively. For all 
replicates, the column was equilibrated to baseline with buffer A before injecting the sample 
(extract) and washing with five column volumes (CV) of buffer A. The AEX step elution protocol 
with buffer B consisted of: 34% B, 55% B and 100% B with each step run for five CV. The flow 
rate and fraction size were kept constant throughout the separation at 1 mL min-1 and 5 mL, 
respectively. Five CV of CIP solution and flushing with storage solution preceded column 
storage. The step elution protocol was decided upon after observing the chromatogram that 
resulted from performing a linear elution separation on both the E. coli and corn germ extracts 
separately while using the same buffers as described above. The amount of 1 M NaCl (i.e % B) 
was used as the determining factor when “grouping” the peaks together from the two linear 
elution chromatograms in order to ensure enough protein populated each step elution fraction 
for both hosts in order for the desired comparison of results to be possible. After both step 
elution separations, the protein-containing, matching fractions from the two AEX runs  for each 
extract were pooled and assayed for total protein content. Figures 1 and 2 show the 
chromatograms resulting from both the AEX separations for the E. coli and corn germ extract, 
respectively, using the step elution protocol described above. In order to adjust for different 
loading volumes between the separations, “% AEX Protocol Completed” is shown along the 




4.2.4 Aqueous two phase system (ATPS) 
The ATPS composition (15.7% (w/w) polyethylene glycol (PEG) MW = 3350 (Sigma-
Aldrich, St. Louis, MO), 8.9% (w/w) sodium sulfate, 3.0% (w/w) NaCl all in 20 mM sodium 
phosphate at pH 7.0), mass (12 gram ATPS system), separation procedure and Log K 
calculations (for both HCP and individual model proteins) were the same as previously reported 
[22] with the only change being the E. coli loading ratio of 0.5 mg protein loaded/ gram ATPS 
system. Some protein did precipitate at the interface during partitioning of both expression 
host extracts, behavior which has been previously observed for corn germ with consistent 
losses reported (22.63%) [22]. A much larger percentage of E. coli extract proteins were 
observed to precipitate (ca. 80%) which would obviously make quantifying the protein that did 
partition and remain soluble in either of the phase solutions particularly difficult due to low 
concentrations. It is clear that the ATPS composition used here, which was optimized for the 
partitioning of an extract of corn germ proteins [63], presents partitioning conditions that cause 
E. coli proteins to precipitate. Keeping that in mind, the overall goal of this work was to 
characterize the separation behavior of E. coli HCP using the same, well established ATPS-2DE 
technique [22], which will allow for direct comparison between the two expression hosts. This 
lead to the decision to keep the established ATPS composition consistent for the 
characterization of the E. coli extract despite the high level of precipitation. As a result of the 
low initial concentration of protein in both ATPS phase solutions, a more sensitive gel staining 
technique (fluorescent dye) was employed that requires less protein present for visualization, 
allowing for successful quantification of the surface hydrophobicity component (Log K). The 
ATPS partitioning experiment was repeated five times for both extracts and average phase 
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ratios of 0.90 + 0.01 and 0.93 + 0.01 were calculated for E. coli and corn germ, respectively, with 
95% confidence intervals shown. The motivation for such a large number of replicates was to 
maximize what soluble protein mass was available in each phase solution. Like phase solutions 
were pooled after separating and a small volume from each phase was not withdrawn near the 
interface in order to avoid possibly contaminating the top phase with bottom phase protein and 
vice versa. The losses (precipitate and volume not withdrawn near interface) were assumed to 
be consistent across all proteins [22].  
 4.2.5 Preparation of protein fractions for characterization. 
The nine E. coli protein fractions resulting from ASP (4) and AEX (5), and the top and 
bottom ATPS phases along with the two E. coli extracts prepared from separate fermentations  
are listed in Table 1. An additional E. coli extract sample (“E. coli extract (ATPS)”) was run in 
parallel with the ATPS separation fraction samples including being stained with the more 
sensitive fluorescent stain. Table 2 lists the eleven corn germ protein fractions (4- ASP, 5- AEX, 
2- ATPS) along with two corn germ extract samples (“Corn germ extract (ASP)” & “Corn germ 
extract (AEX)”). The corn germ extract sample was characterized twice for comparison purposes 
as a result of being stored at -20° C for an extended amount of time between the ASP 
separations and the AEX separation. Comparison of the 2DE gel spot pattern from both extract 
samples showed no significant degradation. Table 1 & 2 also summarize the processing steps 
that each of the samples underwent in order to concentrate and de-salt the protein solutions, if 
needed, thereby improving the conditions needed for 2DE (i.e. high protein concentration with 
low salt presence).  
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For instance, all five of the AEX separation fraction protein solutions (wash, 34% B, 55% 
B, 100% B, CIP) were concentrated by freeze drying (Labconco, Kansas City, MO) before 
reconstituting the dried product with 50 mM sodium phosphate at pH 7.0, which describes 
processing step 1. However, only the 34% B, 55% B, 100% B and CIP fractions required de-
salting (processing step 2) since the conductivity of buffer A (50 mM sodium phosphate) and 
hence the wash fraction was already very low. Slide-A-Lyzer dialysis cassettes (Thermo 
Scientific, Rockford, IL) were used to dialyze the samples against 50 mM sodium phosphate at 
pH 7.0 at a ratio of 500:1 (dialysis buffer volume: sample volume). The buffer was replaced 
twice after the cassette had been on a stir plate for two hours before changing the buffer one 
more time and letting it stir overnight, all done in the cold room. Processing step 3 was another 
concentration step, again using freeze-drying as before and reconstituting the dried product 
with 50 mM sodium phosphate at pH 7.0 where the sample at the beginning of this step would 
be the finished dialyzed sample protein solution carried over from processing step 2. Tables 1 & 
2 indicate which of the samples underwent the three processing steps just described, if any for 
each host.  
 4.2.6 Two-dimensional electrophoresis (2DE)  
 The sample preparation, isoelectric focusing (IEF or 1st dimension separation), SDS-PAGE 
(2nd dimension separation), imaging and analysis methods were reported earlier [22] with 
notable deviations described here. After sample preparation, the final air dried pellets of the 27 
samples were dissolved in varying volumes of 8 M urea where the larger pellets required more 
to re-dissolve but care was taken not to add too much thereby avoiding unnecessary dilution. 
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Tables 1 & 2 also detail the amount of 8 M urea-protein solution that was mixed with Destreak 
Rehydration buffer (8 M urea, 2% CHAPS, 50 mM DTT, trace bromophenol blue) (GE 
Healthcare) with added 0.5% (v/v) 3-10 immobilized pH gradient (IPG) carrier ampholyte buffer 
(BioRad Life Science division, Hercules, CA) and loaded onto the IEF strips (11 cm, 3-10 IPG) 
(BioRad) where the more populated samples were loaded with a higher mass of protein [22]. As 
noted earlier, less protein was required to load onto the E. coli ATPS phase sample IEF strips (8 
μg loaded onto ATPS top phase IEF strip & 10 μg loaded onto ATPS bottom phase IEF strip) and 
E. coli extract (ATPS) sample (15 μg loaded onto IEF strip) as a result of the increased sensitivity 
of the alternative staining technique using Flamingo Fluorescent Stain (BioRad). Because of the 
low amount of protein initially present in the corn germ AEX 100% B separation fraction, the 
maximum amount of protein that could be loaded onto the IEF strip was 42.6 μg.  Multiple IEF 
separations were needed in order to accommodate the large number of samples (i.e. IEF strips), 
all were run in duplicate, and each IEF run achieved, on average, ca. 97,000 total V h over 19 
hours. The second dimension SDS-PAGE gels were Criterion Precast 4-20% gradient 
polyacrylamide gels (BioRad) that were ran for 1 h at 200 V in a Criterion Dodeca Cell (BioRad). 
All the gels were then stained with Coomassie Brilliant Blue G-250 stain and then scanned 
following the methods taken from Swanson et al. [22], except for the gels from the three 
samples that were stained with Flamingo, as already mentioned. The procedure for the gels 
stained with fluorescent dye was to soak first in fixative solution (10% acetic acid, 40% ethanol) 
for 2 hours, then in the Flamingo Fluorescent Stain (BioRad) overnight in the cold room before 
finally briefly washing with water and scanning on a Typhoon scanner (Amersham Biosciences). 
Four separate groupings (i.e. batches) of finished 2DE stained gels were uploaded into 
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Progenesis SameSpots software (Nonlinear Dynamics, Durham, NC) with two batches from each 
expression host. The first batch included all of the E. coli ASP separation fraction gels along with 
the E. coli extract (ASP), ATPS bottom phase and ATPS top phase gels. The second E. coli batch 
again contained both ATPS phases as well as the E. coli extract (AEX) gel along with all of the 
AEX separation fraction gels. The two corn germ batches each contained the same make-up of 
sample gels as for E. coli. Each of the four batches of gels were run through SameSpots 
independent of the other, allowing for a single spot to be matched to every separation fraction 
gel present in that particular batch, along with determining the amount initially present in the 
extract while at the same time quantifying the amount in each of the two ATPS phase gels. In 
this way, four separate and independent characterizations were obtained; two each of the E. 
coli and corn germ extract proteins separation behavior during both ASP and AEX.    
In order to ensure that the highest quality and quantity proteins are analyzed using the 
MVRF methodology, filters were used to screen less accurately determined spots from further 
analysis [8]. Filtered subsets of proteins were calculated based on mass balance % (+ 30%) and 
% of total corn germ extract (> 0.1%) criteria, where those proteins that meet both were put in 
the intersection subset. The last filter criterion was applied to the intersection subset which for 
AEX was based on whether a particular protein had > 60% bind to the resin and for ASP was 
dependent on initial extract concentration > 15 μg mL-1. The latter value was calculated by first 
summing up the spot quantities of a selected protein from all four of the ASP separation 
fraction gels, then dividing by the initial volume of the extract (77 mL) and finally multiplying by 
a correction factor equal to the ratio of the total mass in the original volume of the E. coli 
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extract (116.66 mg) divided by the sum of every individual spot quantity from all four of the ASP 
separation fraction gels.    
 4.2.7 Development of multivariate random forest (MVRF) 
 An MVRF was developed for AEX by the process described in Swanson et al. [22] to 
relate the three protein properties to their distribution among the five separation fractions . 
The MVRF methodology was not applied to the ASP characterization databases for either E. coli 
or corn germ. The fraction where a protein will precipitate depends not only on its molecular 
properties but also its initial concentration. The form of the MVRF method used in this work 
does not directly account for this relationship in the form of an input or descriptor variable.  
To test the broader applicability of the resulting MVRF, a set of model proteins for which 
literature sources provided properties and separation outcomes was chosen. For AEX, reported 
linear gradient retention times for a set of model proteins [28], six for whom we were able to 
obtain Log K values. The reported times were converted to step fractions bracketing the salt 
strength of the elution time [22].Table 3 reports these values and the protein properties. The 
limited availability of reported AEX retention times with existing experimentally determined Log 
K values resulted in a limited database of model proteins and, coincidently, all six in this case 
eluted in the 34% B step elution fraction after converting from the published linear gradient.   
The MVRF-predicted elution distribution for these proteins was converted to an estimate of a 
single elution value calculated by multiplying the predicted % eluted by the average NaCl 
concentration for each step elution fraction (i.e. 0.445 M for 55% B, 0.775 M for 100% B, etc.) 
resulting in a weighted average value of salt concentration for elution.  
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4.3. Results and discussion 
 4.3.1 Aqueous two-phase system (ATPS) 
  4.3.1.1 E. coli results 
The partitioning coefficient (K) (total protein concentration in the top phase/ total 
protein concentration in the bottom phase) of the E. coli extract was 0.674 which indicates that 
the E. coli HCP are more hydrophilic in nature yielding a Log K of -0.171. The high amount of 
precipitate can be attributed to a number of contributing factors including the chosen 
composition of the ATPS system. The high concentration of NaCl (0.57 M over entire 12 gram 
ATPS) decreases the amount of ordered water molecules positioned around the hydrophobic 
residues on the surface of the E. coli proteins which increases the hydrophobic resolution of the 
system (i.e. affinity for the top, polymer-rich phase) as a result of the now exposed hydrophobic 
residues. Also, the size (3350 average MW) and concentration of the polymer (0.22 M in top 
phase assuming complete partitioning of polymer) act to exclude the E. coli proteins from the 
top phase by decreasing the protein-accessible volume as well as water concentration, 
respectively. As a result, the solubility limit of the proteins in each phase is exceeded causing 
the formation of a precipitate at the interface during centrifugation. The proteins with the 
greatest affinity for the polymer-rich top phase will still partition by taking advantage of what 
little volume is available [1,102-104]. Figure 3 presents the gel images after fluorescent staining 
for the ATPS top and bottom phase separation fraction along with an E. coli extract sample for 
comparison purposes. The top phase gel seems to be more populated with proteins (i.e. more 
spots) than the bottom phase which would not follow the empirical results of the extract having 
a negative Log K value. However, upon closer inspection, the bottom phase spots that do 
133 
 
appear are more intense (i.e. darker) leading to the conclusion that the overall protein 
concentration of the bottom phase is in fact higher but the top phase has a more diverse range 
of proteins. Using the spot quantity values to determine a K value for each protein identified 
using the SameSpots software, the average K of all proteins from the ASP and AEX analysis are 
2.301 and 1.991, respectively (data not shown). Here the difference between the empirical Log 
K value (a mass-averaged value) and the statistical value (calculated by number average) is 
evident.  
  4.3.1.2 Corn germ results 
The corn germ ATPS results that were used for this study have been previously reported 
[105] and will be summarized here. The overall K of the corn germ extract was 0.479 + 0.01 
leading to a Log K value of -0.319 + 0.01 (95% confidence intervals are shown) which is 
consistent with previous corn germ ATPS separation results [22]. In both cases, the 
concentration of protein that partitioned to the bottom phase was roughly twice that which 
partitioned into the top phase. Figure 4 presents the ATPS top and bottom phase gels resulting 
from partitioning the corn germ extract. One obvious observation would be the increase in the 
number of spots visualized in the bottom phase (part (c)) versus top phase (part (b)) gel images 
which would follow with the empirically observed hydrophilic behavior of the corn germ 
extract. Both expression host extracts exhibited an overall hydrophilic behavior based on the 





4.3.2 Ammonium sulfate precipitation (ASP) 
  4.3.2.1 Escherichia coli 
The 2DE gel images for the ASP separation fractions and the E. coli extract sample that 
was run in parallel are shown in Figure 5. When compared to the E. coli ATPS phase gels (Figure 
3), one would expect to see the more hydrophobic proteins precipitate at lower salt 
concentrations (i.e. lower saturation levels) which can be checked by comparing spot pattern 
similarities with the top phase gel (Figure 3, part (b)). While the 40% cut gel image (part (b)) 
prohibits any significant comparisons due to some acidic region aggregation and streaking, the 
60% cut gel image (part (c)) provides evidence that the more hydrophobic proteins precipitated 
(i.e. pattern similarity with the ATPS top phase gel image) because of the presence of spots 
both above the 50 kDa cut off and in the acidic region at mid-range kDa values (75-25 kDa). 
Likewise, the 95% supernatant gel image (part (e)) also indicates that, as expected, the more 
hydrophilic proteins remained in solution because of the lack of proteins in the high kDa region 
as well as the (faint) presence of a singular grouping of proteins extending into the basic end of 
the gel around 37 kDa, both of which are readily observed in the ATPS bottom phase gel image 
(Figure 3, part (c)). Table 4 shows the number of spots identified by SameSpots (955) of which 
79 met the criteria to be selected into the intersection subset  accounting for 21% of the total 
mass. After applying the final filter based on initial extract concentration, 34 of the 79 proteins 
remained and these accounted for 14% of the total protein mass.  
The low number of proteins that were selected into the 79 and 34 protein subsets 
resulted from a low number of spots meeting the + 30% mass balance criteria which can be 
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explained from the low amount of spots visualized on the E. coli extract (ASP) gel image (Figure 
5, part (a)). The horizontal streaking in the acidic region of the gel which occurred during IEF 
focusing as a result of low solubility or aggregation likely prevented resolution of a greater 
number of spots.  
Figure 6 shows the 3D scatter plots of the four ASP separation fractions along with the E. 
coli extract (ASP) sample and the two ATPS phase separation fractions. It is clear from the 95% 
supernatant scatter plot (Figure 6, part (e)) that the amount of protein that remained in 
solution was greater than any amount that precipitated in a given fraction especially since two 
of the four fractions had to be scaled up in order visualize the spheres at all (40% cut & 95% 
cut). Following the expected trend described earlier for surface hydrophobicity, the spheres 
should be larger for proteins with higher Log K (z-axis) values in the lower salt fractions (e.g. 
40% cut & 60% cut). This relationship can easily be visualized by comparing the ATPS top phase 
scatter plot (part (f)) to the ATPS bottom phase one (part (g)) and to some degree in the extract 
scatter plot (part (a)) but is not as apparent over the four ASP separation fractions. Also, the 
proteins with higher pI seem to be more hydrophobic since there is a general downward slope 
in z-axis values from the basic end of the scatter plots to the acidic end.  
  4.3.2.2 Corn germ 
Figure 7 shows the 2DE gels for each of the four corn germ ASP separation fractions, 
which can be viewed in reference to the corn germ ATPS phase gels (Figures 4 (b) (top phase) 
and (c) (bottom phase). Here one does see the more hydrophilic proteins (bottom phase 
components) showing up most strongly in the higher % saturation cuts, most evident in 
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comparing Figure 4, part (c) with Figure 8, part (d). The latter gel (95% supernatant) gel has 
some spots in the high pI region that can be attributed to aggregation or other anomalies due 
to the level of streaking that can be seen; however, this is not the case for all the gels.  
Table 4 shows for this purification method, SameSpots identified 755 spots, of which 
158 met the criteria for the intersection subset; these accounted for 49% of the total protein 
mass. The last filter criterion screened out only 55 proteins leaving 103 in the third subset 
accounting for 41% of the total protein mass. This is a great example of how important the spot 
filtering step can be in selecting the higher quality and quantity spots since the third subset only 
contains 13.6% of the total number of spots initially identified by SameSpots (755) but also 
includes over 40% of the total protein mass.  
The 3D scatter plots (Figure 8) generated from the ASP 2DE gels are of the 103 protein 
subset’s data.  The size of the spheres in the four ASP separation fraction plots (part (b)-(e)) 
represents the % of each protein that precipitated at the given % saturation of ammonium 
sulfate. Also included in Figure 8 are the scatterplots for the corn germ (ASP) extract shown in 
part (a) and the ATPS top (part (f)) and bottom (part (g)) phase scatterplots. Only the trend 
where the proteins with high pI exhibit hydrophobic behavior can be intuitively deciphered 






4.3.3 Anion-exchange chromatography (AEX) 
  4.3.3.1 Escherichia coli 
 The E. coli AEX separation fraction gel images shown in Figure 9 demonstrate how the 
more basic proteins were either in the wash or eluted at low salt concentrations while the 
proteins with acidic pI values eluted in the later step fractions as would be expected. 
Comparing the wash fraction gel image with that of the 100% B elution fraction gel image 
clearly demonstrates this occurrence. As noted earlier, the CIP peak was captured and 
processed with the resulting 2DE gel image presented in part (f). The spot pattern of this gel 
seems to be heavily populated in the neutral pI region indicating that since a pH of 7 was 
maintained, the proteins may have become insoluble during AEX separation as a result of being 
near their pI. The latter point can be reinforced by noticing the spot similarities between the E. 
coli ATPS top phase gel image (Figure 3, part (b)) and that of the CIP separation fraction which 
would further explain why the more hydrophobic behaving proteins only eluted under the 
harsh conditions provided by the CIP solution (pH ca. 12.67) and not simply as a result of 
increasing the salt concentration.  
As with the ASP E. coli extract gel, the extract sample that was run in parallel with the 
AEX separation fractions did not yield as many visualized spots as would have been expected 
based upon the mass loaded onto the IEF strip (Table 1). SameSpots identified a total of 1002 
spots from the AEX batch experiment (i.e. grouping of gels) from which only 73 were selected 
for the intersection subset (+ 30% mass balance & > 0.1% of total E. coli extract protein) which 
included 18% of the total mass. The final filtering criteria (whether or not > 60% of a protein 
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bound to the resin) reduced the number of proteins from 73 to 30 while accounting for only 7% 
of the total mass. As discussed with the ASP gel analysis, the low number of spots present in the 
filtered subsets has to do with the lack of proteins with + 30% mass balance due to the low 
number of spots visualized on the E. coli extract (AEX) gel. All six of the gel images from Figure 9 
show very few spot anomalies such as streaking (one possible exception being the 55% B gel 
image in the acidic pI and mid-range MW region) indicating that the purpose of the filters 
(partially to adjust statistical analysis by removing spot pattern anomalies) would not play as 
important a role here in determining accurate MVRF method results as in past analysis [22]. 
That being said, in this case, the 1002 protein subset results using 100% of the protein mass 
would be as accurate as those generated using the 30 protein subset which only accounts for 
7% of the total mass.  
Figure 10 presents the 3D scatter plots of the AEX separation fractions based on the 
data from the 30 protein subset. In order to help visualize the 55% B (part (d)) and 100% B (part 
(e)) spheres, the scale was increased. Using pI (x-axis) as a guide when surveying the plots, It is 
clear that the spheres (i.e. proteins) with low pI values tend to increase in size with an increase 
in % B especially in the 55% B (part (d)) and 100% B (part (e)) plots, which would follow with 
what is physically expected during AEX.  
 Table 5 and 6 present the MVRF method prediction results in terms of root mean 
squared error (RMSE) and variable importance value (VIV) statistics, respectively, for the three 
protein subsets. The VIV statistics represent how important each of the three characterization 
properties was in determining a protein’s separation behavior and RMSE (units of fraction of 
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protein populating each AEX separation fraction) indicates the prediction accuracy of the MVRF 
method. A more detailed background including how the VIV statistics are calculated can be 
found in Swanson et al. (2012) [22]. For AEX, all three protein subset RMSE values (shown in 
units of fraction of protein populating each separation fraction) presented in Table 5 were very 
low indicating the ability of the MVRF method to accurately predict a protein’s separation 
behavior during AEX. In order to visualize the method’s accuracy on an individual protein basis, 
Figure 11 presents 3D mesh plots which show the prediction error (% of a protein 
experimentally observed to precipitate - % predicted by the MVRF method) for each protein in 
all four of the separation fractions with respect to each of the characterization properties using 
the 30 protein subset data. When interpreting the 3D mesh plots, the z-axis indicates the 
difference between the % of protein that was observed to elute in a particular separation 
fraction and the % predicted by the MVRF method which will reflect the overall amount of 
protein in the fraction initially, i.e. a fraction’s peak size in the chromatogram. For example, the 
3D mesh plot shows only very small peaks or errors for the 100% B fraction (1.0 M NaCl) but the 
AEX chromatogram (Figure 1) shows a very small portion of the protein eluted at 1.0 M NaCl 
which translates into small MVRF method predictions and hence overall errors when compared 
to fractions containing a larger portion of protein (e.g. wash, 34% B). There is a clear trend of 
higher prediction error with increasing hydrophobicity or Log K values (part (c)) specifically in 
the 34% B (0.34 M NaCl) and CIP fractions (1.1 M NaCl) based on the increase in peak heights.  
The high pI VIV statistics for all three of the protein subsets presented in Table 6 follow 
what is physically expected during AEX, that net charge or pI is the dominant property when 
determining a proteins separation behavior. There is some logic that supports MW having a 
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substantial influence as well since a protein with large MW will be excluded from accessing the 
charged ligands both within the resin pores and those shielded by proteins already bound in 
addition to having a higher probability of possessing charged surface residues, all of which 
factor in a proteins retention behavior. The low RMSE value and VIV statistics of the 30 protein 
subset further indicate that the MVRF analysis is not adversely affected by the low number of 
proteins that met the filtering criteria or low % mass included.  
 Table 7 summarizes the results from applying the MVRF method to a set of model 
proteins whose retention behavior during AEX as well as characterization properties were 
readily available and shown in Table 3. After converting from linear to stepwise elution 
behavior, all six model proteins were projected to elute in the 34% B separation fraction during 
AEX (Table 3). The MVRF method predicted that the step fraction to have the highest % elute of 
each of the six model proteins was in fact the 34% B fraction which is encouraging when taking 
into account how relatively few proteins populated this particular fraction during the initial AEX 
separation based on the peak size from the chromatogram (Figure 1). The predicted elution 
profiles of ovalbumin and BSA were identical, understandable as both proteins have the same 
pI (4.9) and the pI VIV statistic was so influential (0.63). The MVRF method also predicted the 
protein with the most basic pI (lectin, pI = 9) would elute first out of the six model proteins 
(column labeled “Single elution value [NaCl] predicted order” in Table 7) at a single elution 
value [NaCl] estimate of 0.331 M. The pI values of the remaining five proteins all fall within in a 
relatively small range (4.5-4.93). It is interesting to observe then that the order of elution 
mirrored the distribution of MW where the smallest of the five proteins eluted first and the 
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larger ones last. The next most influential VIV statistic after pI was MW which would account 
for this behavior from a statistical prediction stand point.  
When comparing the order of elution using the literature data (Table 3 column labeled 
“Order of elution”) and the MVRF prediction data, lectin and α-lactalbumin were correctly 
predicted to elute first and second. However the remaining four proteins (ovalbumin, BSA, 
lipase, β-lactoglobulin A) were predicted to elute in reverse order of the empirical result.  
The MVRF proved an accurate method for prediction of a protein’s separation behavior 
(low RMSE values for each of three subsets and on an individual protein basis based on 3D 
mesh plots) in addition to reflecting the expected physical trends during AEX (importance of pI 
when determining separation behavior based on VIV statistics). As a result, recommendations 
can be made regarding the development of a downstream purification process for any target 
protein that has been expressed in E. coli based on simply knowing the pI, MW and overall 
surface hydrophobicity. 
  4.3.3.2 Corn germ 
Figure 12 shows the 2DE gels for the AEX separation fractions and as the % B increases 
to 55% and then 100%, the acidic region of the gels are clearly more populated then the basic 
end, which is the expected binding trend. As was seen in the E. coli gel images, the proteins that 
appear in the CIP peak (Figure 12 (f)) are primarily in the neutral pH region of the gel which 
again might indicate the occurrence of some insolubility during AEX as a result of these proteins 
being in an environment near their pI. Other than a small amount of vertical streaking in the 
34% B gel, which likely came as a result of loading too much protein onto the IEF strip, the AEX 
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gels are relatively artifact-free. Over 900 proteins were identified using SameSpots software 
(Table 4) which is a significant increase when compared to the number of ASP spots despite 
using the same corn germ extract in both purification methods.  
The large number of spot pattern similarities between the two corn germ extract gel 
images prepared independently and shown in Figure 12 (a) and Figure 7 (a) indicate that this 
increase in number of spots is not due to any change in the native corn germ protein profile. 
One explanation would be that the minimum pixel value set point that SameSpots uses during 
analysis in order to differentiate between the presence of a spot or simply background stain 
was manually decreased. The lesser quantity spots were removed from further analysis after 
applying the filter criteria (mass balance % and % of total corn germ extract protein) and as a 
result only 9.8% (89) of the original 909 proteins identified qualified for the intersection subset 
while still accounting for 29% of the total protein mass. Only 24 proteins (10% of the total 
protein mass) out of the 89 met the third criteria (> 60% bind).  
Figure 13 shows the 3D scatter plots that were generated using the data from the 24 
protein subset. Due to the relatively small peak size in both AEX chromatograms (Figure 2), the 
scale of the spheres (representing the % of bound protein that eluted) for the 55% B (Figure 13, 
part (d)), 100% B (Figure 13, part (e)), and CIP (Figure 13, part (f)) scatter plots was increased by 
an order of magnitude to better visualize the data points. The scatter plots indicate the limited 
range of characterization property values of the proteins in the 24 protein subset. For instance, 
19 of the 24 (79.2%) have pI values that fall between the narrow range of 6 and 8, the same 
number of proteins have MW values less than 37 kDa and finally 21 of the 24 (87.5%) have Log 
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K values less than the experimental value observed for the corn germ extract (-0.319). The corn 
germ extract 2DE gel image from Figure 12 shows that the region outlined by having a MW 
below 37 kDa and pI between 6 and 8 represents a small sampling of characterization property 
values.  
The MVRF method was able to accurately predict the separation behavior which is 
demonstrated by the very low RMSE value (0.020) reported in Table 5 for the AEX 24 protein 
subset. The low RMSE value is more than likely a result of the majority of proteins having 
similar characterization property values which would lead to a narrow range of possible MVRF 
prediction results. There is also physical evidence indicating the majority of the 24 proteins 
eluted in the same separation fraction (34% B) as shown by the much larger sphere sizes in the 
scatter plots from Figure 13 part (c), which would be expected for a set of proteins with pI 
values between 6 and 8 during AEX that is operating at a neutral pH. The two remaining RMSE 
values shown in Table 5 for the complete protein subset containing all 909 proteins and the 
intersection subset are both very low at 0.033 (909 protein) and 0.035 (intersection subset) and 
do cover a much wider range of properties and behavior.  
Figure 14 is a 3D mesh plot of the MVRF prediction error results for the 24 protein 
subset which shows a very low number of significant spikes especially in the 55% (0.55 M NaCl) 
and 100% B (1.0 M NaCl) fractions which, as explained previously, can be traced back to the 
chromatogram (Figure 2) and the low amount of HCP eluting at either condition. The low subset 
RMSE value can be easily interpreted from Figure 14.  
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The VIV statistics as presented in Table 6 for AEX reinforce the MVRF prediction 
performance since for two of the three subsets (909 and 89 protein subsets) the expected trend 
is followed where pI was the most dominate property when deciding a protein’s elution profile 
followed by MW. The 24 protein subset VIV statistics are unlike any of the others compiled with 
a strong log K influence  (0.7) followed by MW (0.3) with isoelectric point having no impact at 
all. The most likely explanation for this obvious anomaly has already been discussed since all of 
the 24 proteins have such similar properties in a narrow range, the VIV statistic would become 
skewed and not reflect behavior based on a more diversified protein set.  
 The MVRF method generated using the 24 protein subset resulted in an accurate 
prediction as far as which of the separation fractions each of the six model proteins listed in 
Table 3 would elute after converting published linear elution data to stepwise. This conversion 
indicated that all six would elute in the 34% B fraction as summarized in Table 8, which 
happened to coincide with the largest % B elution peak in the corn germ extract AEX 
chromatogram. As a result, the question remains if the same MVRF method would perform as 
well with proteins that eluted in a higher or lower fraction but due to a lack of data availability 
in the literature, this has not been attempted. Regardless, the prediction accuracy is 
encouraging since the range of pI and MW values of the six proteins, for the most part, lie 
outside those of the 24 corn germ proteins used to generate the MVRF.  
As was seen with the E. coli AEX MVRF prediction results, ovalbumin and BSA both have 
the same elution profiles but in this situation, one cannot reflect on the VIV statistics to fully 
explain this observation. Both ovalbumin and BSA were predicted to elute first followed by 
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lectin which does not exactly follow what would be expected empirically but having the protein 
with the most basic pI elute near the beginning of the six can still be interpreted as a positive 
sign of the MVRF prediction. There is no clear correlation between any of the three 
characterization properties and predicted elution behavior nor any similarities between the two 
orders (calculated using empirical data taken from the literature and MVRF prediction data) in 
which the six model proteins will elute.  
Finally, based on the data presented, the recommendation can be made to avoid using 
corn germ as an expression host if looking to produce any of the six model proteins since both 
corn germ proteins and the target protein would mostly co-elute in the 34% B fraction resulting 
in low purity. The next section goes further into detail about the way in which the MVRF model 
can be used for selection of expression host for simplified separation.   
 4.3.4 Comparison between expression hosts 
In addition to providing guidance during downstream purification process development, 
MVRF method results have the capability of comparing potential expression hosts based on 
ease of downstream recovery of the chosen target protein. A comparison can be made 
between the MVRF method prediction results during AEX for a selected target protein if 
expressed in either host which would provide initial purity and yield estimates. For ASP, the 
host comparison will focus on the empirical results only with regards to which cut would 
provide the greatest benefit from a purity stand point. In order for an appropriate comparison 
to be made, both expression host extracts underwent the exact same procedures for all 
separation methods, processing steps, 2DE, SameSpots analysis, model protein predictions, etc. 
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This was the motivation for not only selecting the step elution protocol (i.e. % B) and % 
saturation levels during AEX and ASP, respectively, but also for maintaining the ATPS 
composition and not attempting to optimize the conditions for E. coli  HCP partitioning in an 
effort to decrease the amount of precipitate.   
  4.3.4.1 AEX expression host results comparison 
 Table 9 summarizes the both the MVRF method prediction results for each of the six 
model proteins regarding what % of each will elute in all five of the AEX separation fractions as 
well as the empirical results for both expression hosts. One initial comparison is how the choice 
of characterization database used to generate the MVRF influences the model protein 
prediction results. To elaborate, Table 7 and Table 8 both use the same set of model proteins 
but the elution profile predictions vary based on which database or protein subset was used to 
generate the MVRF (E. coli 30 protein subset in Table 7 and corn germ 24 protein subset in 
Table 8). One possibility to pursue in the future would be to combine the databases from both 
expression hosts which in this situation would result in a database containing 54 proteins. Next, 
an MVRF would be generated using the combined database and predictions made for the set of 
model proteins that would be host independent. In the present study however, for the 
purposes of demonstrating how purity and yield calculations can be determined, the two 
separate MVRF elution profile predictions (Table 7 and Table 8) for each model protein were 
averaged and shown in Table 9 under the heading “Averaged MVRF predicted elution values”. 
The last row represents the % of the total protein extract that populated each separation 
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fraction and was determined by averaging the peak area values from the chromatograms of 
both AEX separations (Figure 1 for E. coli extract, Figure 2 for corn germ extract). 
At this point, there is enough information reported to be able to make a 
recommendation about what expression host would be favored for production of one of the six 
model proteins when using AEX as the first step in the downstream purification process. 
Regardless of host, it appears from Table 9 that the best possible elution fraction when 
considering both recovery (i.e. yield) and purity would be the 34% B fraction. Selecting E. coli as 
the expression host clearly would provide much better purity as only 3.3% of the initial HCP 
would co-elute in the 34% B fraction compared to 31.17% of the corn germ HCP. Comparison of 
the chromatograms from the E. coli and corn germ AEX separations reinforces this assertion 
since the 34% B peak is clearly larger in Figure 2 then in Figure 1. Adding steps to the 
downstream process will always result in a decrease in yield which would suggest expressing in 
E. coli since it is likely that the additional separation required to further remove the corn germ 
HCP would reduce the yield from what is shown if expressed in corn germ. Since the pI of lectin 
is so high, one would question if just under 70% of that protein would in fact bind to the resin 
and elute in any of the subsequent separation fractions (e.g. 34% B, 55% B, 100% B, CIP) during 
AEX when operated at a neutral pH. With that in mind, expressing any of the remaining five 
model proteins from Table 9in E. coli would improve production efficiency during AEX when 
compared to expressing in corn germ after capturing the 34% B separation fraction, especially 
α-lactalbumin which is predicted to have the highest % elute at 0.34 M NaCl (44.22%) amongst 
the remaining five model proteins.  
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4.3.4.2 ASP expression host results comparison 
After making a direct comparison between the empirical results from both expression 
hosts precipitation behavior, the decision can be made as to what ASP separation fraction 
would provide the most benefit based on the lowest % of populating HCP. As mentioned 
before, the even distribution of corn germ HCP in each of the four cuts was by design in order 
to guarantee sufficient material for successful characterization. This established series of cuts 
was then applied to the E. coli HCP mixture. As a result, the population of HCP in each of the 
four corn germ fractions is relatively consistent while there is significant variation for E. coli. 
From the data presented in Table 10, it is obvious that if ASP has been selected as the initial 
downstream purification method, expressing the target biologic in E. coli then capturing the 0-
40% precipitate would provide the most favorable results based on purity since over 97% of the 
HCP will remain in soluble. Even using this series of cuts, expressing in corn germ has some 
benefit since for three out of the four fractions, over 75% of the HCP are purified.  Also, if the 
target remains soluble in the 95% supernatant fraction and is expressed in corn, over 66% of 
the HCP will be removed and the high salt concentration of the sample leads in nicely for 
loading onto a HIC (hydrophobic interaction chromatography) column.    
4.4. Conclusions 
 4.4.1 Escherichia coli 
 The low RMSE values for all three protein subsets from the AEX analysis proves that the 
MVRF method was able to accurately predict the separation behavior of E. coli HCP. For both 
purification methods, the spot patterns visualized on the 2DE gel images were able to 
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demonstrate what was physically expected during separation such as the more hydrophobic 
proteins precipitating at lower salt concentrations during ASP and the more basic proteins 
either not binding to the resin at all or eluting early in the step elution protocol during AEX. The 
AEX VIV statistics reinforced the performance of the MVRF method since pI was shown to have 
the most influence when determining a protein’s separation behavior. When predicting the 
model protein separation behavior during AEX, the MVRF method showed both accuracy and 
precision where the latter was evidenced by the change in prediction values based on a 
protein’s pI.  
 4.4.2 Corn germ 
The AEX and ASP characterization results were very promising considering for example 
the expected ASP gel image spot pattern similarity with the ATPS gels. This observation likely 
comes as a result of a protein’s separation behavior depending on overall surface 
hydrophobicity during both ASP and ATPS. Overall, the MVRF method proved successful for 
accurately predicting a protein’s separation behavior during AEX based on low RMSE values. 
The AEX model protein prediction results were also very encouraging despite only having a 
narrow range of characterization property values to use when applying the MVRF method. The 
AEX results along with those previously published for CEX [22] indicate that when charge (pI) is 
the dominate property that influences separation behavior for a purification method, the MVRF 
method performs very well, indicating the ability of isoelectric focusing to quantify a proteins pI 
along with pI sufficiently capturing the “charge” influence. For the AEX dataset, despite all of 
the model proteins having characterization property values outside the ranges that were used 
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to generate the forest, the MVRF method predictions matched the published values with regard 
to what separation fraction the highest % of each protein would elute in. When using corn germ 
as the expression host, there is valuable knowledge that can be gained by using the MVRF 
method as a screening tool when developing a downstream process consisting of any of the 
purification methods successfully characterized (CEX, ASP, AEX).   
 4.4.3 Expression host comparison 
If it has been decided that the first method in the downstream process is to be AEX, 
expressing any of the five model proteins with an acidic pI in E. coli before capturing the 34% B 
step elution fraction would result in the highest level of target protein purity and yield. This 
recommendation for improving purification efficiency came as a result of analyzing both the 
empirical data (chromatograms for AEX) coupled with the MVRF method prediction results for a 
set of model proteins. In addition, analyzing the 3D scatter plots of a mixture of HCP along with 
the target protein could also provide valuable information to use when formulating a 
downstream process by determining which of  the three characterization properties to exploit 
for efficient purification. Also, if the sizes of the spheres for the HCP represent the % of that 
particular protein present in the extract, a preliminary purity level could be calculated. This is 
yet another example of how valuable the results can be from characterizing the separation 
behavior of HCP during common downstream purification methods. 
 There are alternative characterization methods in existence that have progressed to the 
point where quantifying multiple properties of a given HCP is possible (e.g. using 2DE coupled 
with mass spectrometry). Utilizing such techniques in the context of the current work would 
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provide the MVRF method with better inputs (i.e. protein characteristics) for which to develop 
predictions. This would inevitably lead to a better overall assessment of the capabilities of the 
MVRF methodology as it applies to predicting protein separation behavior. The characterization 
method employed here is limited by the number of properties as well as requiring processing 
steps that filter out a large number of proteins resulting in both a limited range of properties 
and low number of data points. In the end, the ultimate goal of this work has been to provide a 
framework where the potential exists for use in the future with a collection of improved 
properties. What has been illustrated here is the success, while limited, of characterizing the 
separation behavior of a mixture of HCP during common downstream purification methods 
using the ATPS-2DE technique and the prediction accuracy of the MVRF method using only the 
three properties. 
Up to this point, the statistical analysis of the database of characterized expression 
hosts and purification methods has only been able to improve the efficiency for the first stage 
in the downstream process. As a result, the next logical step would be to expand on this idea 
and statistically analyze multiple permutations of expression host-purification method 
combinations with the goal of being able to predict the purity and yield of a target protein at 
the end of a series of separation methods (i.e. downstream process) while at the same time 
determining which host should be selected based on separation efficiency. The goal would be 
to determine not only the sequence of purification methods that would maximize purity and 
yield for a given host, but also what separation fraction to capture at each stage. Using the 
MVRF method prediction results as a guide, all of the characterization properties of the 
proteins (HCP & target) that are present after an initial purification method (e.g. AEX) in a 
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selected separation fraction would be used as inputs for the next MVRF method which was 
generated using data from the next purification method (e.g. CEX). Optimizing this process for 
separation efficiency by identifying an expression host, purification method sequence and what 
separation fraction to capture after each method would obviously require careful statistical 
considerations, the specifics of which have not yet been determined. The established use of the 
MVRF method predictions in the current format of optimizing what expression host to use and 
purification method separation fraction to capture provides valuable information in and of 
itself. This novel approach for characterizing the separation behavior during common 
purification methods of HCP, a very difficult impurity to remove when producing a biologic, 
biosimiliar or biobetter provides the framework for designing a successful downstream process 
with minimal resources or time spent in the lab.  
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Table 1. E. coli concentrating and de-salting processing step information along with amounts loaded to first dimension IEF strips of 
2D electrophoresis. 
Separation fractions/samples 




Processing step 2: 
de-salt (dialysis) 




First Dimension IEF strip loading details 










(Vol. to load/IEF strip) 
E. coli extract (ASP) NO NO NO 250 250 125 μg (200 μL) 
ASP Fraction: 0-40% cut NO NO NO 99.76 400.24 175 μg (200 μL) 
ASP Fraction: 40-60% cut NO NO NO 89.26 410.74 175 μg (200 μL) 
ASP Fraction: 60-95% cut NO NO NO 150.56 349.44 175 μg (200 μL) 
ASP Fraction: 95% supernatant NO YES YES 250 250 35 μg (200 μL) 
E. coli extract (AEX) NO NO NO 213.96 286.06 200 μg (200 μL) 
AEX Fraction: wash YES NO NO 88.38 411.62 175 μg (200 μL) 
AEX Fraction: 34% B YES YES YES 43.46 456.56 100 μg (200 μL) 
AEX Fraction: 55% B YES YES YES 140.38 359.62 125 μg (200 μL) 
AEX Fraction: 100% B YES YES YES 134.22 365.78 75 μg (200 μL) 
AEX Fraction: CIP (titrated) YES YES YES 109.22 390.78 125 μg (200 μL) 
ATPS top phase (Flamingo)
c NO YES YES 57.3 442.69 8 μgc (200 μL) 
ATPS bottom phase (Flamingo)
c NO YES YES 21.89 478.11 10 μgc (200 μL) 
E. coli extract (ATPS) (Flamingo)
c NO NO NO 15.34 484.66 15 μgc (200 μL) 
a All samples that underwent concentration by freeze-drying (either processing step 1 or 3) were reconstituted after product was dry 
with 50 mM sodium phosphate at pH 7.0. 
b Mass loaded per strip is proportional to amount of protein populating each individual sample with the heavily populated samples 
loading the recommended maximum mass (200 μg) and the less populated samples loading less protein (35 μg, 75 μg, etc.). 








Table 2. Corn germ sample concentrating and de-salting processing step information along with amounts loaded to first dimension 
of 2D electrophoresis. 
Separation fractions/samples 




Processing step 2: 
de-salt (dialysis) 




First Dimension loading details 










(Vol. to load/IEF strip) 
Corn germ extract (ASP) NO NO NO 96 404 200 μg (200 μL) 
ASP Fraction: 0-40% cut NO NO NO 67.62 432.38 175 μg (200 μL) 
ASP Fraction: 40-60% cut NO NO NO 33.35 466.65 175 μg (200 μL) 
ASP Fraction: 60-95% cut NO NO NO 36.07 463.93 175 μg (200 μL) 
ASP Fraction: 95% supernatant NO YES YES 91.24 408.76 100 μg (200 μL) 
Corn germ extract (AEX) NO NO NO 43.38 456.62 200 μg (200 μL) 
AEX Fraction: wash YES NO NO 87.18 412.82 175 μg (200 μL) 
AEX Fraction: 34% B YES YES YES 22.46 477.56 150 μg (200 μL) 
AEX Fraction: 55% B YES YES YES 93.38 406.62 75 μg (200 μL) 
AEX Fraction: 100% B YES YES YES 200 300 42.6 μg (200 μL) 
AEX Fraction: CIP (titrated) YES YES YES 39.86 460.16 100 μg (200 μL) 
ATPS top phase NO YES YES 160.4 339.6 100 μg (200 μL) 
ATPS bottom phase NO YES YES 97.2 402.8 175 μg (200 μL) 
a All samples that underwent concentration by freeze-drying (either processing step 1 or 3) were reconstituted after product was dry with 50 
mM sodium phosphate at pH 7.0. 
b Mass loaded per strip is proportional to amount of protein populating each individual sample with the heavily populated samples loading the 







Table 3. AEX model protein dataset along with elution results taken from the literature. 















Lectin 9 49d -0.902 0.065 1 34% B 
α-Lactalbumin 4.5 14.18 -1.761 0.088 2 34% B 
Ovalbumin 4.9 44.29 -1.74 0.106 3 34% B 
Bovine serum albumin 4.9e 66.5e -1.222 0.118 4 34% B 
Lipase 4.81c 29.55c 0.153 0.119 5 34% B 
β-Lactoglobulin A 4.93c 18.36 -1.702 0.148 6 34% B 
a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu and Glatz (2009) [21]. 
c Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
d Howard (1971) [106].  
e Gu and Glatz (2007) [62]. 








Number of protein spots for both expression hosts included in each of the defined subsets for 
both of the purification methods analyzed. 
Description of filter or subset 
# Spots (% total mass) 
ASP AEX 
E. coli Corn germ E. coli Corn germ 
Total # spots (proteins) 955 (100%) 755 (100%) 1002 (100%) 909 (100%) 
Intersection subset
a 79 (21%) 158 (49%) 73 (18%) 89 (29%) 
Intersection subset & > 15 μg mL
-1
 [initial] 34 (14%) 103 (41%) NA NA 
Intersection subset & > 60% protein bound NA NA 30 (7%) 24 (10%) 
a Intersection subset describes the set of proteins where each individual protein accounts for > 














Root mean squared error (RMSE) values for AEX analyzed for each subset of proteins for both 
expression hosts. 
Description of Subset E. coli Corn germ 
All proteins 0.034 0.033 
Intersection subset
a
  0.045 0.035 
Intersection subset & > 60% protein bound 0.030 0.020 
a Intersection subset describes the set of proteins where each individual protein accounts for > 















Variable importance values (VIV) for AEX analyzed for each subset of proteins for both 
expression hosts. 
Description of Subset 
E. coli Corn germ 
pI MW Log K pI MW Log K 
All proteins 0.67 0.31 0.01 0.40 0.51 0.08 
Intersection subset
a 0.69 0.27 0.03 0.60 0.40 0.00 
Intersection subset & 
 > 60% protein bound 
0.63 0.31 0.06 0.00 0.30 0.70 
a Intersection subset describes the set of proteins where each individual protein accounts for > 











Table 7. E. coli AEX MVRF prediction performance using model protein dataset. 







MVRF predicted elution values
f






 Wash 34% B 55% B 100% B CIP 
Lectin 9 49d -0.902 29.56 45.16g 4.39 1.30 19.59 0.331 1 
α-Lactalbumin 4.5 14.18 -1.761 25.27 44.22h 8.80 2.72 18.98 0.352 2 
β-Lactoglobulin A 4.93c 18.36 -1.702 25.92 35.12i 11.91 5.40 21.65 0.397 3 
Lipase 4.81c 29.55c 0.153 28.43 29.62 11.46 4.74 25.76 0.423j 4 
Ovalbumin 4.9 44.29 -1.74 26.77 31.45 11.18 5.77 24.83 0.423j 5k 
Bovine serum albumin 4.9e 66.5e -1.222 26.77 31.45 11.18 5.77 24.83 0.423j 5k 
a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu and Glatz (2009) [21]. 
c Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
d Howard (1971) [106].  
e Gu and Glatz (2007) [62]. 
f Predicted using MVRF method developed using 30 protein subset. 
g Using linear elution retention time data (from Tugcu et al. (2003) [28]), underlined value indicates step elution fraction where 






h Bold values indicate the fraction with the highest predicted % eluted using the selected MVRF method. 
i Bold and underlined value indicates that the fraction with the highest predicted % eluted matches the fraction where the protein 
would elute using the linear elution retention time data (from Tugcu et al. (2003) [28]). 
j When possible, ties were broken by expanding number of decimal places of single elution value [NaCl] estimates.  
k The MVRF method predicted ovalbumin and bovine serum albumin to elute at the same [NaCl] (0.423 M) and are therefore both 
























MVRF predicted elution values
f






 Wash 34% B 55% B 100% B CIP 
Ovalbumin 4.9 44.29 -1.74 33.47 61.03g 0.56 0.58 4.35 0.180j 1j 
Bovine serum albumin 4.9e 66.5e -1.222 33.47 61.03h 0.56 0.58 4.35 0.180j 1j 
Lectin 9 49d -0.902 32.41 60.69i 0.72 0.67 5.51 0.193 2 
β-Lactoglobulin A 4.93c 18.36 -1.702 31.79 59.73 0.94 0.71 6.83 0.206 3 
α-Lactalbumin 4.5 14.18 -1.761 32.56 58.38 1.08 0.80 7.18 0.208 4 
Lipase 4.81c 29.55c 0.153 28.83 56.19 1.28 0.89 12.82 0.264 5 
a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu and Glatz (2009) [21]. 
c Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
d Howard (1971) [106].  
e Gu and Glatz (2007) [62]. 
f Predicted using MVRF method developed using 24 protein subset. 
g Using linear elution retention time data (from Tugcu et al. (2003) [28]), underlined value indicates step elution fraction where 
protein would elute (i.e. mirrors column labeled “Converted step elution fraction (%B)” in Table 3). 






i Bold and underlined value indicates that the fraction with the highest predicted % eluted matches the fraction where the protein 
would elute using the linear elution retention time data (from Tugcu et al. (2003) [28]). 
j The MVRF method predicted ovalbumin and bovine serum albumin to elute at the same [NaCl] (0.180 M) and are therefore both 



























a Values taken from Sigma-Aldrich product information sheet unless otherwise noted. 
b Log K values for individual proteins determined experimentally using ATPS procedure detailed in Xu and Glatz (2009) [21]. 
c Information from ExPASy Proteomics Server of Swiss Institute of Bioinformatics. 
d Howard (1971) [106]. 
e Gu and Glatz (2007) [62]. 






b Averaged MVRF predicted elution values
f
 (%) 
Wash 34% B 55% B 100% B CIP 
Lectin 9 49d -0.902 30.99 52.93 2.56 0.99 12.55 
α-Lactalbumin 4.5 14.18 -1.761 28.92 51.30 4.94 1.76 13.08 
β-Lactoglobulin A 4.93c 18.36 -1.702 28.86 47.43 6.43 3.06 14.24 
Lipase 4.81c 29.55c 0.153 28.63 42.91 6.37 2.82 19.29 
Ovalbumin 4.9 44.29 -1.74 30.12 46.24 5.87 3.18 14.59 
Bovine serum albumin 4.9e 66.5e -1.222 30.12 46.24 5.87 3.18 14.59 
% total corn germ 
extract protein eluted in 
each fraction
g 
NA NA NA 51.51h 31.17h 2.38h 1.55h 13.01h 
% total E. coli extract 
protein eluted in each 
fraction
g 






f Values were calculated by averaging the two MVRF prediction results determined using the MVRF generated from the E. coli 30 
protein subset (Table 7) and the corn germ 24 protein subset (Table 8). 
g % of total protein extract that was experimentally observed to populate each AEX separation fraction for both E. coli and corn 
germ. 
h Values shown are the result of averaging the % of protein that populated each separation fraction from both AEX runs using the 
















Table 10. E. coli and corn germ ASP separation results. 
Expression Host  
(Extract) 
% total extract protein populating each 










Corn germ 20.73 23.54 22.06 33.67 
E. coli
 2.99 32.71 7.88 56.42 
a Values were determined based on empirical observation as to the % of each extract (E. coli 















List of Figures: 
Figure 1. Chromatogram resulting from both AEX separations of E. coli extracted at pH 7.0. The 
y-axis is scaled to mAU/10 (milli-absorbance units/10) and corresponds to %B concentration as 
well. The fraction volumes containing a significant amount of each of the peaks were pooled to 
represent each separation fraction and to capture each step’s peak. In order to scale between 
the two separations, “% AEX step elution protocol completed” is shown along the lateral axis 
instead of volume or retention time. 
Figure 2. Chromatogram resulting from both AEX separations of corn germ rich fraction 
extracted at pH 7.0. The y-axis is scaled to mAU/10 (milli-absorbance units/10) and corresponds 
to %B concentration as well. The fraction volumes containing a significant amount of each of 
the peaks were pooled to represent each separation fraction and to capture each step’s peak. 
In order to scale between the two separations, “% AEX step elution protocol completed” is 
shown along the lateral axis instead of volume or retention time. 
Figure 3. E. coli ATPS separation fraction 2D electrophoresis gel images using Flamingo 
Fluorescent Stain (BioRad): (a) E. coli extract (ATPS) with 15 μg protein loaded onto IEF strip; (b) 
ATPS top phase with 8 μg protein loaded onto IEF strip; (c) ATPS bottom phase with 10 μg 
protein loaded onto IEF strip. 
Figure 4. Corn germ ATPS separation fraction 2D electrophoresis gel images: (a) Corn germ 
extract (ASP) with 200 μg protein loaded onto IEF strip; (b) ATPS top phase with 100 μg protein 
loaded onto IEF strip; (c) ATPS bottom phase with 175 μg protein loaded onto IEF strip. (b) & (c) 
reproduced from Swanson et al. [105]. 
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Figure 5. E. coli ASP separation fraction 2D electrophoresis gel images: (a) E. coli extract (ASP) 
with 125 μg protein loaded onto IEF strip; (b) ASP Fraction: 0-40% cut with 175 μg protein 
loaded onto IEF strip; (c) ASP Fraction: 40-60% cut with 175 μg protein loaded onto IEF strip; (d) 
ASP Fraction: 60-95% cut with 175 μg protein loaded onto IEF strip; (e) ASP Fraction: 95% 
supernatant with 35 μg protein loaded onto IEF strip. 
Figure 6. E. coli ASP separation fraction 3D scatter plots: proteins with > 15 μg mL-1 initial 
concentration in the E. coli extract are shown (34 proteins); all are + 30% of mass balance and > 
0.1% of the total E. coli protein extract (a) E. coli extract (ASP) where sphere size represents % 
of total protein in E. coli extract; (b) ASP Fraction: 0-40% cut where sphere size represents % of 
protein that precipitated in the 0-40% cut (1/10th scale); (c) ASP Fraction: 40-60% cut where 
sphere size represents % of protein that precipitated in the 40-60% cut (1/100th scale); (d) ASP 
Fraction: 60-95% cut where sphere size represents % of protein that precipitated in the 60-95% 
cut (1/10th scale); (e) ASP Fraction: 95% supernatant where sphere size represents % of protein 
that remained in solution (i.e. supernatant) after the 60-95% cut (1/100th scale); (f) ATPS top 
phase where sphere size represents % of protein that partitioned into the top phase (1/100th 
scale); (g) ATPS bottom phase where sphere size represents % of protein that partitioned into 
the bottom phase (1/100th scale). 
Figure 7. Corn germ ASP separation fraction 2D electrophoresis gel images: (a) Corn germ 
extract (ASP) with 200 μg protein loaded onto IEF strip (reproduced from Figure 4 (a)); (b) ASP 
Fraction: 0-40% cut with 175 μg protein loaded onto IEF strip; (c) ASP Fraction: 40-60% cut with 
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175 μg protein loaded onto IEF strip; (d) ASP Fraction: 60-95% cut with 175 μg protein loaded 
onto IEF strip; (e) ASP Fraction: 95% supernatant with 100 μg protein loaded onto IEF strip. 
Figure 8. Corn germ ASP separation fraction 3D scatter plots: proteins with > 15 μg mL-1 initial 
concentration in the corn germ extract are shown (103 proteins); all are + 30% of mass balance 
and > 0.1% of the total corn germ protein extract (a) Corn germ extract (ASP) where sphere size 
represents % of total protein in corn germ extract (2/3rd scale);  (b) ASP Fraction: 0-40% cut 
where sphere size represents % of protein that precipitated in the 0-40% cut (1/100th scale); (c) 
ASP Fraction: 40-60% cut where sphere size represents % of protein that precipitated in the 40-
60% cut (1/100th scale); (d) ASP Fraction: 60-95% cut where sphere size represents % of protein 
that precipitated in the 60-95% cut (1/100th scale); (e) ASP Fraction: 95% supernatant where 
sphere size represents % of protein that remained in solution (i.e. supernatant) after the 60-
95% cut (1/100th scale); (f) ATPS top phase where sphere size represents % of protein that 
partitioned into the top phase (1/100th scale); (g) ATPS bottom phase where sphere size 
represents % of protein that partitioned into the bottom phase (1/100th scale). 
 
Figure 9. E. coli AEX separation fraction 2D electrophoresis gel images: (a) E. coli extract (AEX) 
with 200 μg protein loaded onto IEF strip; (b) AEX Fraction: wash with 175 μg protein loaded 
onto IEF strip; (c) AEX Fraction: 34% B with 100 μg protein loaded onto IEF strip; (d) AEX 
Fraction: 55% B with 125 μg protein loaded onto IEF strip; (e) AEX Fraction: 100% B with 75 μg 
protein loaded onto IEF strip; (f) AEX Fraction: CIP with 125 μg protein loaded onto IEF strip. 
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Figure 10. E. coli AEX separation fraction 3D scatter plots: proteins with > 60% total bound to 
resin are shown (30 proteins); all are + 30% of mass balance and > 0.1% of the total E. coli 
protein extract (a) E. coli extract (AEX) where sphere size represents % of total protein in E. coli 
extract; (b) AEX Fraction: wash where sphere size represents % of protein in the wash (1/100th 
scale); (c) AEX Fraction: 34% B where sphere size represents % of bound protein that eluted in 
the 34% B step (1/100th scale); (d) AEX Fraction: 55% B where sphere size represents % of 
bound protein that eluted in the 55% B step (1/20th scale); (e) AEX Fraction: 100% B where 
sphere size represents % of bound protein that eluted in the 100% B step (1/20th scale); (f) AEX 
Fraction: CIP where sphere size represents % of bound protein that eluted in the CIP step 
(1/100th scale). 
Figure 11. E. coli AEX separation fraction 3D mesh plots showing the difference between the % 
of each protein that was observed to elute (Experimental) and the % predicted to elute 
(Predicted) in each step elution fraction with respect to (a) pI, (b) MW and (c) Log K using the 
MVRF method developed with the 30 protein subset data. 
Figure 12. Corn germ AEX separation fraction 2D electrophoresis gel images: (a) Corn germ 
extract (AEX) with 200 μg protein loaded onto IEF strip; (b) AEX Fraction: wash with 175 μg 
protein loaded onto IEF strip; (c) AEX Fraction: 34% B with 150 μg protein loaded onto IEF strip; 
(d) AEX Fraction: 55% B with 75 μg protein loaded onto IEF strip; (e) AEX Fraction: 100% B with 




Figure 13. Corn germ AEX separation fraction 3D scatter plots: proteins with > 60% total bound 
to resin are shown (24 proteins); all are + 30% of mass balance and > 0.1% of the total corn 
germ protein extract (a) Corn germ extract (AEX) where sphere size represents % of total 
protein in corn germ extract (2/3rd scale); (b) AEX Fraction: wash where sphere size represents 
% of protein in the wash (1/100th scale); (c) AEX Fraction: 34% B where sphere size represents % 
of bound protein that eluted in the 34% B step (1/100th scale); (d) AEX Fraction: 55% B where 
sphere size represents % of bound protein that eluted in the 55% B step (1/10th scale); (e) AEX 
Fraction: 100% B where sphere size represents % of bound protein that eluted in the 100% B 
step (1/10th scale); (f) AEX Fraction: CIP where sphere size represents % of bound protein that 
eluted in the CIP step (1/10th scale). 
Figure 14. Corn germ AEX separation fraction 3D mesh plots showing the difference between 
the % of each protein that was observed to elute (Experimental) and the % predicted to elute 
(Predicted) in each step elution fraction with respect to (a) pI, (b) MW and (c) Log K using the 



































































































































































































































































CHAPTER V: GENERAL CONCLUSIONS AND FUTURE WORK CONSIDERATIONS  
5.1 General conclusions 
 The preceding chapters advance the limited understanding in the biopharmaceutical 
industry of the separation behavior of the most problematic impurities, host cell proteins (HCP). 
They do so by the successful characterization of the separation behavior of HCP mixtures from 
multiple expression hosts during commonly selected downstream purification methods. In 
total, characterization results from six combinations of purification method and expression host 
extract were presented and discussed (CEX-corn germ, HIC-corn germ, ASP-E. coli, ASP-corn 
germ, AEX-E. coli, AEX-corn germ). Each of the six resulted in a separate database consisting of 
individual HCP separation behavior for the selected purification method (i.e. empirical results) 
along with values for the three characterization properties (pI, MW, Log K). The six databases 
alone provide valuable information for any downstream process engineer tasked with 
developing a purification method for a target biologic that minimizes the amount of co-eluting 
HCP impurities or even a single HCP that is known to have toxicity levels that trigger an immune 
response in humans. In addition, values for pI, MW, and Log K would be available for the HCP 
that did co-elute which could guide the selection of any subsequent purification method by 
comparison to the target biologics pI or MW or Log K.  
Perhaps of even more value would be to develop a tool for the accurate prediction of 
the target biologics separation behavior during any of the selected purification methods. This 
data, coupled with the previously described HCP characterization database, would allow for 
purity and yield calculations of the target biologic with minimal time spent in the lab or sample 
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usage. To fulfill this goal, the statistical methodology of multivariate random forest (MVRF) was 
applied to the characterization data. Only the chromatographic purification methods were 
addressed in this way because of the uncharacterized initial concentration dependence of 
precipitation. The MVRF methodology was able to accurately predict HCP separation behavior 
for the four chromatographic databases, as assessed by the low root mean squared error 
values.  
A test case database was developed using a set of model proteins whose separation 
behavior was reported in the literature for the three purification methods (CEX, AEX, HIC) and 
whose values for the three characterization properties were previously determined 
experimentally. The MVRF prediction results for each of the four databases from the model 
protein test set showed mixed results with various possible explanations where there was lack 
of agreement. What can be said with conviction is that there are undoubtedly more molecular 
descriptors (not to mention various operating condition variables) that contribute to a protein’s 
separation behavior then just the three characterized for this work. As a result, the prediction 
performance of the method has been approached with tempered expectations, which ended 
being met and in some cases exceeded when analyzing the model protein prediction results. 
Besides providing value in furthering the understanding of HCP separation behavior and 
developing a predictive statistical tool, the data presented in the preceding chapters can also be 
analyzed in order to provide a more guided selection of expression host. By simultaneously 
analyzing the MVRF prediction results of the target biologic for a chosen purification method 
coupled with the empirical results (i.e. % of HCP populating each separation fraction) for both 
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HCP mixtures, the decision can be made as to what expression host would result in the most 
time and cost-effective downstream purification process.  
All of the objectives laid out in chapter I have been met as is evidenced by the results 
presented in chapters II, III and IV. The remaining portion of this chapter will focus on possible 
future work while elaborating on improvements to both the characterization method and 
statistical methodology proposed in the earlier chapters. 
5.2 Future work considerations 
 5.2.1 Developing downstream design strategy 
As introduced in section 4.4.3, the next logical step would be to expand the statistical 
portion of the work in order to analyze multiple permutations of expression host-purification 
method combinations with the goal of being able to predict the purity and yield of a target 
biologic at the end of a series of separation methods (i.e. downstream process) while at the 
same time determining which host should be selected based on separation efficiency. The end 
result would be the development of a novel strategy for downstream process design.  
There are four general downstream purification process design options that have been 
developed and reported in the literature [1]. Two do not involve new experiments.  These are 
heuristics or more refined expert systems [2-8] and mathematical programming techniques 
(e.g. mixed integer non-linear programming (MINLP) formulation or generalized disjunctive 
programming (GDP)) that use algorithm-based methods and numerical based solvers to 
optimize the downstream purification process by analyzing all possible process combinations 
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[9-16]. A third approach is empirical, relying on scaled down, microfluidic high-throughput 
screening techniques where automation and robotics are required to execute a large number of 
micro scale experiments (e.g. chromatography and precipitation) [17-26]. The fourth would be 
hybrids of the others [27-32].  
Each strategy by itself has associated shortcomings which contributed to the creation of 
hybrid systems that adopt the stronger features of the others. The algorithm-based approach, 
for instance, is unable to fully analyze all the possible interconnections between multiple 
purification techniques, whose number can be quite large because of the number of steps 
needed for adequate purification [1]. The high-throughput screening technique and the 
associated factorial experimental design yield a great deal of data to be analyzed, not to 
mention the assay requirements that result from using a 96-well plate format [33]. The 
heuristic, knowledge-based design strategy requires the time-consuming input of facts and 
rules governing process sequencing and these steps must be repeated as the field of protein 
purification evolves [8].  
The proposed novel design strategy would be able to determine not only the sequence 
of purification methods that would maximize purity and yield for a given host, but also what 
separation fraction to capture at each stage. Using the MVRF method prediction results as a 
guide, all of the characterization properties of the proteins (HCP & target) that are present after 
an initial purification method (e.g. AEX) in a selected separation fraction would be used as 
inputs for the next MVRF method which was generated using data from the next purification 
method (e.g. CEX). Optimizing this process for separation efficiency by identifying an expression 
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host, purification method sequence and what separation fraction to capture after each method 
would obviously require careful statistical considerations, the specifics of which have not yet 
been determined. If the specifics are determined and worked out successfully, this design 
strategy would have advantages over the other four which include the use of relatively simple 
and inexpensive equipment instead of costly robotic systems and a predictive statistical 
methodology that has been developed using empirical data as opposed to expert knowledge or 
mathematical relationships.   
 5.2.2 Wet lab verification 
 One alternative experiment that could be used to test the MVRF prediction 
performance would be to spike a model protein (with known values for pI, MW and partitioning 
behavior in the defined ATPS system) whose concentration and presence is easily quantified 
(e.g. using fluorescence) into the extract prior to separation. The resulting empirical data 
(amount of protein that eluted in each fraction) could be directly compared to the MVRF 
prediction results. This wet lab verification would provide insight into how well the MVRF 
method is able to account for some of the other factors that contribute to a protein’s retention 
behavior since the previous model protein prediction comparison resulted from empirical data 
observed during single protein elution experiments.  
One of the additional factors influencing retention behavior is certainly protein-protein 
interactions, especially for a complex mixture such as the protein extract used in this work. A 
more specific determination of the level of protein-protein interactions could be determined by 
separating a mixture of model proteins using any of the purification methods. Next, separate 
each individual protein using the same purification method and compare the empirical results. 
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This would allow for the possibility of quantifying the influence protein-protein interactions has 
during separation.    
 5.2.3 Miscellaneous future work considerations and method improvements 
 One way to improve the performance of the MVRF method would be to improve the 
descriptors used as inputs. The performance of the MVRF method is dependent on the strength 
of the descriptors used as inputs, i.e. how well they encapsulate protein separation behavior. 
As introduced in section 3.4, using a mass spectrometry (MS) technique to determine the 
sequence of a protein would allow for the determination of multiple other molecular 
descriptors including alternative SH indicators which may improve the MVRF HCP prediction 
results during HIC. One other interesting avenue that could be investigated with the availability 
of sequence data produced by MS analysis would be to compare the properties and structure of 
the HCP that were outliers in the MVRF predictions, i.e. had high individual RMSE values. The 
goal here would be to identify any correlation amongst the traits of the proteins that the MVRF 
method was unable to accurately predict which would pose as a disclaimer of sorts for what 
biologics to avoid using with this technique. 
 The prediction results that were presented were generated using an MVRF that was 
developed using a single database of characterized HCP from the chosen purification method-
expression host combination. In the future, multiple databases could be merged together 
leading to a larger number of screened (i.e. filtered) data points that would be used to develop 
a single MVRF and prediction results that were host independent. This would improve the 
performance by increasing the number of observations or data points used to train the method.  
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 Lastly, as mentioned in chapter IV, the form of the MVRF method used in this work 
prohibited its application to the ASP characterization database because of the dependence on a 
protein’s initial concentration when predicting separation behavior. To avoid this situation, a 
separate MVRF method could be developed where additional descriptors are used besides, or 
perhaps instead of, the three characterization properties. For example, the Cohn equation 
parameters could be included; S0 (initial protein concentration), β (hypothetical solubility at 
zero ionic strength of the protein), m* (salt concentration at the point of discontinuity on a 
protein’s solubility curve, which is dependent on S0), KS (salting-out constant specific to each 
protein). The goal would be to better train how the MVRF is generated when applied to a 
database containing solubility separation behavior hopefully leading to improved prediction 
results for precipitation behavior. Quantifying all of these parameters for every HCP would 
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